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Preface

This AGARDograph addresses potential hazards associated with present and future solid propellants and their use in rogket
motors. The subject was recently introduced into the Propulsion and Energetics Panel through an AGARD Technical
Specialists’ Meeting “Hazard Studies on Solid Propellant Rocket Motors™ held in Lisse, Netherlands, in May 1984, Following
this meeting, representatives from NATO nations joined together to provide this written report summarizing those areas that
are critical for the safety and suitability for present and future solid propellant rocket motors.

This AGARDograph is written for munition. users, designers, and scientists and engineers involved in rcscarc.h and
development associated with energetic munitions. The munition users will derive an appreciation for the compl?xmes pf
designing safe and suitable munitions and the necessity for making tradeoffs between safety and performance. The dcsngngr will
find rational approaches for assessing potential hazards and improved design tools based on recent results from studies gf
energetic material behavior. The research enginecr studying reaction phenomena assaciated with energetic materials will
recognize deficiencies in the fundamental understanding of energetiz material behavior and new areas for research studies.

Final answers for resolving this problem of ha.ards associated with solid propeliant rocket motors will not be found in th.is
AGARDograph. Indeed. in some areas. considerable work is still needed to allow rational design approaches. As new energetic
materials arc introduced into solid propellant formulations to achieve improved rocket motor characteristics, existing design
approachcs should be challenged and new research needs to be placed on the scientist and engineer. When ihese new challenges
arise, this AGARDograph should provide the basis for new and meaningful research and development studies. In this light,
results reported in this AGARDograph represent the state of technology as of January 1989.

Préface

Cette AGARDographie étudie les risques potentiels associes aux propergels solides actuels et futurs ot a leur mise en oeuvre
dans les moteurs-fusées. Le sujet a été présenté zu Panel AGARD de Propulsion et 4'Energétique lors d'une réunion de
spécialisies de TAGARD sur “L.es études de risque pour les moteurs-fusée a propergol solide” tenue & Lisse, aux Pays-Bas en
mai 198 4. Suite a cette réenion, des representants des pays membres de FOTAN se sont associés pour rediger ce rapport, qui
met en relief les domaines d'intérét qui sont critiques pour la séeurité ¢t I'ndéquation des moieurs-fusées a propergols solides
actuels et futurs.,

Cotie AGARDographic est destinde aux concepteurs et aux utilisateurs de munitions, ainst quiaux scientifiques ot aux
ingénieurs impliqués dans la recherche otle développement des munitions énergétiques. Lutilisateur tirera une appréciation
des complexités de la conception de mumitions siires et adéquates ainsi que de la néeessité de trouver le juste équilibre entre les
performances ot la séeurite. La concepteur v trouvera des méthodes cohdrentes pour I'évaluation des risques potenticls, ainsi
yue de nouvetles atdes i la conception issues de certaines dudes réeentes sur le comporiement des matcriaux énergétiques.
Lingénicur-chercheur qui étudie les phiénomenes de réaction associés aux matériaux énergétiques reléverades Jacunes dans lLes
conugissances de base du comportement des matériaux énergétiques qui lui permettront d'identifier de nouvenus domaines de
recherche

Cuette AGARL ogrephic ne prétend pas furair les solutions définitives au probleme des risques asscoids aux moteurs-fusées 2
properpois cobides, Bnoefist, dans certains domaines, des efforts considérables restent a fournir pour permettre o
¢ metopperient e methode Togiques de conceptior. Les méthodes de coneeption existantes doivent ¢tre confrontées aux
neveauy moataax énergetignes rentrand dans les formules des propergols solides afin daméliorer les caractéristiques des
mocurs-fusée. o de nouverux projets s orecherehe doivent étre confids aux scientifiques ot aux ingénicurs. Cette
AGARDogriobtic deveut foureie fes ¢émemis de base pour le Tancement de nouveltes tudes significatives de recherche e
devenppement etotur ot d mesue de Fevolution de ces nouveaux diéfis,

N
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cmmﬂ\ . INTRODUCTION

The subject of munition safety is one of continuing importance becagse of the potential damage
capable of any device highly loaded with enefgetic materials and the { sible task of precluding
their inadvenient initiation. The subject of this repon is a subset of munliion safety: rocket motors
containing solid propellants. This topic is nt new. In the past, AGAHD addressed double-base solid
propellants in AGARDograph No. 141-70, “*High Energy Propellants.” The material in this past
report is still relevant; however, solid propellants have continued to evolve because of new
performance requircments. It is significant that some <olid propeliant formulations in use today are
alrnost identical to the formulations used in accepted high energy explosives. Accordingly, past
incidents concerning high explosives are relevant to present and future incidents that could

. ith modern solid propellants. -

As this repont was being planned and written, NATO nations have directed increasing attention to
munition safety. Indeed, the NATO Conference for National Armament Directors (CNAD) has noted
that the design and acceptance of safe munitions is one of the greatest impediments to weapon
interoperability. In this context, natons have placed increased concern for the survivability of weapon
platforms in a combat 2nvironment and the desire for “Insensitive Munitions.”

-

.

7T The report addresses several needs associated with hazards and the design of solid propellant
+ecket maiprs, The needs include: -

include
L R i
D,Mﬂhsﬂ&m.mm ; ‘mmmmmmmﬂmmmmm, Qs solid
pellants have become more energetic, the hazard potential has also increased: ny of
23 7 the hazard tests that were used 2V years ago to discﬁ%i@_q or hazard

possaial.are oo longes adequase.  —n

i Bl X D4 i - >, 1 1 ' - i ) d 1 \ \

pmmuams becamc more cncrgeuc m the qucsl for 1m:reased range, vmlocny. a.nd

fayload. Performance was, and continues to be, a major consideration. Safety, waile - -

™ always a consideration, has increased in importance 10 the point where performance/hazard
trade-off cmmwmmm%pml t and rocket motor

. -~ —destg¥increasingly need experimental and analytical methods that allow them to assess
- the performance and hazard charactcnsucs early in the design cycle,

bgmmmmm h country within NATO makes these performance
ard assessments and tade -of; re needs to be some commonality within NATO 10

< ensure iniezoperatility. . The NA group AC/310 on Safety and Suitability of Munitions is
addressing this need as will be discussed in Chapter 7.

& a
i wrvivabiliiy, As/ T
powerful and more sophlsncawd, it becomes imperative that U -

T launch platform, whether it be a ship or an aircraft or a tank, be able to survive not 6ily

o acatn - M}Q&%dm self- mduc:d xhrcats
- \ =l g i several connries. isit
- “easy to declare the dcnrc fm "lnsen:nmc Mumuons xt is much more difficuli to .
such items, and invoives considerstion of the needs mentioned above. -

To illustrate and highlight a portion of these needs one only has to consider energetic materials and
the devastation that they can cavse. The energetic matenials in modern munitions are sensitive to heat
and shock. Inadvernent stimali of sufficient kevels to initiate reactions in the energetic matenals can
result in violent reactions which pose extreme hazards (o personnel and material.

March |2, 1907, Aboard ship lena in drydock. France, Accidental ignition of gun propeliants in
the anmuniton magazine. Fire, explosions, 117 killed, 33 injured.

] ibenie in Toulon Bay, France, Accidental ignidon of gun
propeilants in the ammunition magazine. Fire, explosions, Liberie is lost, 226 killed, 160 injured.

Degember 12, 1917, Halifax, Nova Scotia, Canada, A collision between a Belgian boat and a
French cargo ship loaded with ammunition, at the entmance of the harbor, caused the rupture of
gasoline drums which caught fire. While the crew was fighting the fire, another boat approached the
area. Sceing thay the fire was gening out of contrel, the crew left the boat. 17 minutes later a
dreadful explosion occurred that razed the wwn of Richmond killing 5,000 people and injuring
¢ 10,000. Even some Indians who were 6 miles away were killed (Bxassum 1985).

¥ T

July 10, 1926, Naval Ammunition Depot, Lake Deamark, New Jersey, United States, Lightning
struck a magazine containing 670,000 pounds (303,912 kg) of explosives. Reactions spread. A tofai




of 3.2 miltion pounds (1.45 million kg) dewonated. Twenty one individuals died and 52 were injured.
Loss of life would have been worse except that the workdav had ended at noon. The Navy and
adjacent Army facility suffered an approximate $75 million loss, as well as significant nwbthnon
potential {Roylance, 1981).

iforn i Three explosions of approximately
10,000 tons of munitions resulted in 320 dead and 390 injured, and caused major damage within a
I mile radius and minor damage as far as 25 miles away.

The carrier received a single Japanese 250 kg bomb. Fire,
explesions, destroyed the ship.

January 4, 1947, Upited Stajes. A bomb was dropped during handling in the magazine. The
explosion was transmitted to the 70 tons of bombs in the magazine. 10killed. The igloo-shaped
magazine was destroyed.

July 15, 1949, Priim, Eifel, Burning. on top of a hill (Kalvarienberg), by unknown reasons, of a
storage containing about 500 t of TNT-filled ammuniton transited to a disastrous explosion atter 1-
172 hours. Shorly thereafter it was foilowed by a second explosion. The top of the hill {about
150,000 m3) was blown away, down 10 the city of Priim, covering it with debris and trees. Due to
prior evacuation only 12 were killed and 60 injured. 76 houses were 1otally damaged and 161
seriously (Local report, 1949).

1950, Royal Naval Ammunition Pepot, UK, Explosion - 36000 kg equivalent of HE -- Swres

destroyed.

22 lew oo, United States, Accidental dropping of a nuclear weapon from a
plane The chemical explo:uvc detonated on impact (Interrational Herald Tribune 1986).

March 4, 1960, Cuba, Explosion of ship containing 76 tons of weapons amimunitions, probably
duce to the dropping of case of grenades. More than 100 killed.

2400 kg of TNT exploded in a melting shop at Muiden
{Dutch explosives facwry KNSF). Substantial material damage. No scrious personal injuries.
Oveﬁxcaung of the melting vessel by steam and impurities in the TNT tumed out 10 be the cause of this
explosion (Groothuizen ct al, 1970.

Ociober 1966, USS Qriskany, Fire - 44 killed. 156 injured, 3 aircraft destroyed. $15.6 M

esiimated cost.

2 i apds, Explosion of a ship loaded with 1.,000 kg of ammunitior,
great damage 10 surrounding industrial area. 2 people killed, 200 people wounded. The ammunition
was obsolete and prepared for dumping. During the handiing of pyrotechnic ammunition one of the
itemns must have activated. As the ship was loaded with all types of ammunition, deflagration from the
pyrotechnic munition grew to a detonation of the high explosive munition also present (Prins Maurits
Laboratory, 1967).

29 luly 1967, USS Forrgstal, Accidental explosion of macket which sets fire o the fuel tank. The
firc propagates 10 the aircraft ammunitions. 134 killed, 162 injured, 21 aircraft destroyed, 43 aircraft
damaged. $172 M estimated cost.

Jacuary 14, 1969, USS Enterprise. Fire - 28 killed, 343 injured, 15 aircraft destroyed,
17 aircraft damaged. $57 M estimated cost.

Aptl 1969, Danang, Yiet Nam, Fir, explosions with pmpagation to ammunitions magazine.

June 22, 1969, Hannover, Linden, Fedepal Republic of Germany. Blocked brakes on a ruaning
railroad car wheel produced a temperature increase up to more than 750°C. Showers of sparks cansed
smouldering of the railroud car. As the train stopped for fire fighting, 175-mm-grenades filled with
Composition B, but without detonator exploded probably in low order. 8 firemen and 4 railread
employees killed and 40 people had been injured. Indications of a LVD are bent and deformed axles
and wheels and unusually large debris of the grer~des (Public Attorney's report).

May 24, 1973, Roseville, California, Uyited States, Fxplosion over a 32 hour period of an
ammunition train, 18 freight cars of which were carrying Mk 82 bombs, each loaded with 500 ibs of
high explosives. The initial cause of ignition was ignition of 2 wooden floor impregnated with
sodium nitrate. The main was destroyed and also 140 meters of train tracks were lost.




M&Jﬂi..ﬂ%ﬁ}lm Explosion of a bomb during loading of a wagon. The fire propagates to
a wagon filled with jocated 40 meters away. 13 injured, Many wagons are destroyed.

Zust . iforni Detonation of a bomb loaded with a high
explosive is transmitted to § others, These bombs were stored between the igloo shaped magazines
of the storage area. A nearby igloo was crushed, and its munitions were datnaged without reaction.

May 26. 1981, USS Nimitz. A crash during landing of an aircraft was followed by explosions.
(Note: One of the explosions was a delayed detonation of a Sparrow warhead.) Fire - 14 killed,
48 injured, 3 aircraft destroyed, 9 aircraft damaged. $150 M estimated cost.

August 18, 1981, Zimbawbe, Explosion of an ammunition magazine. Probably due to the
explosion of a gas botle. Destruction of hundreds of tons of ammunition.

May 13, 1984, USSR, Seri~< of fires and explosicns at Severomorsk Naval Base. The fire
lasted several days.

ALy ; : While lifting a Pershing
I motor froin irs shipping container, in January 1985, electrostatic discharge caused inadverient
ignition of the motor. The cold dry day contnibutew to this event. 3 people were killed and 9 injured.
The accident may have been due to the high sensitivity to electrostatic discharge of the cold
propellants.

August 4, 1985, United Statgs, During a road transportation of 10 bomnbs loaded with 500 kg of
TNT, collision occurred, fire, detonation, very large craters. Temporary evacuation of 6000 people.

2 7. Brigham City. Utah, United States, While pulling the casting mandrel from
an MX (solid propellant rocket motor) , the propellant ignited killing 5 people and destroying the
facility. The accident was attributed to electrostatic discharge and friction.

Mav 4, 1988, Henderson, Nevada, United States, More than 8 million pounds of ammonium
perchiorate (AP, a key ingredient in modem solid propellants) bumed and Getonated killing two
people and injuring more than 350 local residents, and causing damage estimated to exceed

$73 millior (C&EN, 1988).

[n addition to such incidents, many of which occurred during normal peacetime operations, threats
t0 munitions are even greater in battle conditions where enemy fire threatens them with thermal and
shock stimuli of fire and bullets and the blast and fragment products of detonations. The loss of
ships, tanks, and aircrafts in battle is often due to the secondary reactions of their own munitions
following initiation by enemy fire.

While the reader can appreciate the needs listed earlier. each will view them from a slightly
differcnt perspective. The necds and perspectives vary depending on whether one is a user, a buyer, &
developer of munitions, or a technical specialist. The user and buyer discuss the safety of a whole
round such as bombs, rockets, guas, etc. over the entire life cycle. The system designer amongst
other design considerations must worry about the hazard technical areas such as sympathetic
detonation, cook-off, bullet and fragment impact, response 1o shaned charge jets, and response to
electrustatic discharge as derived from the safety requirements. The scientisttechnologist tends to
think along lines of mechanistic understanding of shock-to-detonation transition (SDT), deflagraton-
1o-detonation wansition (DDT), terminal ballistics, peneation mechanics, ignition and combustion,
breakdown voliages, ete. Obviously all of these people have a piece of the puszle, with linkages
between these pieces. This has been illusrated in Fig. 1 as a three-dimensional matrix. Shown are
some of the items mentioned above. The various boxes within the matrix invoive the concerns of the
munition user/buyer, the munition designer, and the scientisttechnologist. For example, the munition
user wants a missile having a motor, warhead, etc., and he wants it 10 be insensitive to sympathetic
detonation, fragmentbullet impact, etc. The designer, because he will be queried by the buyer/user. ix
concemed how his components and subcompenents will respond. For example he may be concemed
with how the motor case, liner, and propellant will react to various fragments and bullets. and may
tum 1o the scientist/tecknologist for help. As will be shown later in this book, the
scientist/technologist will translate this concern for response of the motor to fragments/bullets into
concerns such as the response of the propellant 1o mechanical shock and whether shock 10 detonation
transition occurs, and the pr netration mechanics of the fragment on the case/propetiant and whether
ignition and subsequent explosion can occur.

The purpose of this AGARDograph is 10 address the various parts of the matrix shown in Fig. 1.
That is, it addresses the general response of solid propellant rocket motors 1o sympathetic detonation,
cook-off, bullet impact, eic.; translates these system concerns into technical/scientific areas such as
impact lcading to shock to detonation transition; considers each technical/scientific area in terms of
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mechanisms, data requirements, and data usage; and describes mitigating the hazards based on
understanding the causal mechanisms. This can be described as the foliowing steps:

. For a given system (existing or proposed):
. * what can happen

* why does it happen

» how can it be prevented or lessened

The result would be a better sysiem.
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Fig. 1. Propulsion Hazards or “Insensitive Munitions” Programs Concemn the
Munition’s Components, Hazard Threats, and Technical Areas.

The chapters that follow reflect this organization are as follows:

Chapter 2 - Description of Solid Propellant Rocket Motors

Chapter 3 - Overview of Solid Propellant Rocket Motor Hazards and Hazard Testing
Chapier 4 - Solid Propellant Rocket Motor Response to Threats

Chapter 5 - Hazard Response Technical Arcas

Chapter 6 - Mitigation of Responses

Chapter 7 - NATO Standardization Activities to Promote Munition Safety

Chapter 8 - Future Needs
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CHAPTER 2. DESCRIPTION OF SOLID PROPELLANT ROCKET MOTORS
2.1. MISSILE PROPULSION

For the mast part, projectiles require some form of propulsion to accelerate them to the required
velocity and to overcome air resistance and gravity. In this context, the werm "missile” is limited 10
self-propelied weapons and restricted 1o those whichs traverse the air. For missiles, the propulsive
thrust is based on Newton's Law of Action and Reaction, the reaction being provided by a mass of
material which is accelerated backwards from the missile. In practice this matenial is produced by
chemical reaction, either between a fuel carried with the missile motor and surrounding air (jet
propulsion} or of matter which has entirely been carried within the missile (rocket propulsion). Jet
propulsion is necessarily limited to wavel in the atmosphers and therefore missiles that travel at high
altitudes are necessarily rocket-propeiled. The term "rocket motor” is applied to such a propulsion
unit. A missile may contain onc or more rocket motor stages as well as warheads, guidance systems,
and $ensor systems.

Rocket motors may be of four distinet types:

(1) Liquid monopropellant motors in which the liquid is injected into a combustion chamber where
it reacts.

(2) Liquid propellant motors in which the two reacting liquids are injected separately into the
combustion chamber and react there. Such systems can in gereral provide higher performance than
monopropellant motors.

(3) Solid propeliant motors where the propellant burns in situ within the motor (used in most
missile applications).

(4) Hybrid propellant motors in which a solid fuel is combined with a liquid oxidizer.
(5) Ducted rocket motors that use a fuel-rich propellant and ducted air for a source of oxidizer

In all five types, the reaction produces hot gases which are expelled from the motor to produce the
thrust.

This AGARDograph is concemed only with solid propellant rocket motors and the energetic
materials used in this type of motor. These morors are designed to provide high performance {high-
thrust-time for a given mass of propellant consumed. high specific impulse (Iyp). and associated
desired pressure-Urme characteristics] along with other considerations such as:

» Burning stability - Absence of pressure, thrust fluctuations
+ Low observables - Low signature from:
»  Primary smoke - Primarily metal oxide particles or other solid,%iquid particles in the
exhaust plume
*  Secondury smoke - Contrail formation du to water condensation (panticularly
aggravated by hydrogen halide nuclei, e.g., HCI. HF}
»  Afterbuming - Combustion of fuel rich exhaust plume with the ambient air
+  Visible radiation
+ Infrarcd radiation
+  Radar cross-section
«  Huazard/safety - This is the major concem and the reason for the AT ARDograph.
»  Producibility/affordability - The motor and any hazard mitigation must be capable of being
produced at an affordable cost.
+ Reliability - Similarly the motor and any hazard mitigation systems must work reliably
w'ien needed.

2.2, BRIEF DESCRIPTION OF SOQLID PROPELLANT ROCKET MOTOR OPERATION

The terms underlined in the following paragraphs are shown in Fig. 2 and included in the
English/French/German glossary (see Table ', Section 2.4, p. 14).
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Fig. 2. Typical Solid Propellant Rocket Motor (Case Bonded).

The action of the motor depends on the combustion of the propellant producing hot gases which
are expelled through the rear end of the motor to produce the thrust. The propellant grain is carefully
designed in combination with the nozzle to provide the required thiust over the required period of
operation for the application required. Many rocket motors are single-stage and ideally should provide
a steady thryst throughout the buming process, mainaining a steady pressure and temperature within
the port and local sonic flow through the throat of the pozzle: this throat area must be less than the port
cross-sectional area at all times. Ignition of the propellap; is by means of a fuschead which iy itself
initiated electrically and forms pan of an jgniler system. The pressures and temperature within the
port are both high and the ¢ase must be sufficiently robust 10 eliminate the possibility of failure.

The propellant grain can be cartridge loaded or bonded to the case. For the cartridge loaded grain,
where the prain is manufactured separate from the motor case, the interface between the propellant
grain and the case is critical. It is vital that the outer surface of the propeflant grain is not ignited as the
hot gases resulting would lead to case damage and rapid failure. To prevent this a layer of inhibitor
material may be wrapped around and bonded to the outside of the propellant grain before it is inserted
into the case. In the later stages of combustion, as the propellant buming surface approaches the gase.
this may become heated by conduction through the diminishing thickness of the propellant web. If the
insulating power of the inhibitor is not suffictent, a separate layer of insulator may be required and this
will be attached to the ¢ase itself. In modern case bondea designs of rocket motors where the grain is
manufactured within the motor case, the functions of iphibur and insulaior can be performed by a
single layer of material or two separate interbonded layers. 1. is case bond system must provide
bonding on all interfaces between the gase and propellant charge. The case bond system must be
rubbery in character to withstand the stresses and deformations resus:ng from ignition pressure surge
and acceleration of the motor on firing.

The purpose of the sealing disc is to prevent the ingress of dust and mwisture into the motor. This
disc is very thin 50 that it docs not present an obstacle on ignition. If the propellant is a nitric-ester
based composition, which slowly produces gas on storage, a ¥ent plug may be required as shown in
Fig. 2, especially with lurge motors.

For some applications an initial brief vigorous boost of the payload is required, to be followed by
a longer term sustainer action to overcome the effects of air resistance, etc. These requirements can be
met by separate boost and sustainer motors, or by (1) different grain configurations with large surface
area in the beginning (star, wagon wheel, etc.), (2} two different propellants in one motor, or (3) an
integrated boost and sustain motor.

2.3. DESCRIPTION OF COMPONENTS

2.3.1. Case. The main function of the motor case is to contain the hot expanding pases resulting
from combusuon of the propellant. The hoop stress on the case is in practice the critical factor and.
for this reason, all mnodern rocket motors are essentially cylindrical in shape.

2.3.1.1. Metal

Traditionally rocket motor cases have been made of metal. Seamless steel and aluminum tubing
have been most commonly used. The wall thickness is dewermined by the intemal pressure developed
in the conduir.

Aiuminum alloy has, in comparison with steel, 2 much lower density which compensates for the
extra case thickncess required by the lesser tensile strength, but the much lower softening temperature




may constitute a problem. Useful applications of alwninum alloy cases (with no ove. wrap material)
have occurred only where adequate insulation protection (usually heavier than for stee! cases) has been
provided for motor wall protection.

2.3.1.2. Composiig

The desire to reduce the mass of cases has led to the use of composite case materials, on account
of ease and comparative cheapness of manufacture as well as reduced mass. The composite case
offers advantages when exposed to fuel fire and in sorne bullet impact sitvations because the case
comes apart, aliowing the propellant to bum rather than react in an explosive manner due 10 its
confinement.

Carbon-fiber reinforced plastic (CFRP), glass-reinforced plastics (GRP), and Kevlar, are
composite materials being used extensively in development and production rocket mators.

2.3.1.3. Hybrd
Two specialized tvpes of "hybrid” case matenals have recently been developed.

Cases consisting of multiple laminated stecl strips wound concentrically (in some cases helicallyy
and joined by means of a suitable resinous adhesive have given encouraging results in reducing the
violence of response of rocket motors in fuel fires. The resin used begins to weaken at about 200°C
50 that when the propeliant (protected by a layer of insulator/inhibiiwr) is cooked off, the case is s
weak that it simply delaminates, although picces nuty be thrown a few meters. Similar reducrions in
violence of response have been claimed for fragment/bulier attack though the effect here would not be
expected to be so dramatic; if time permits, delamination should develop around the entry hole(s) of
the projectile(s) and also the exit hole(s) if any. In other respects however, the case behaves similarly
to a normal steel one; there is no significant difference in mass.

Prospects for reducing significantly the mass of the case while retaining the full temperature rangc
and internal pressure capability appear at present to rest on the use of a two-layer case, consisting of a
metal "inner tube” for adequate longitudinal integrity and outer layers of overwound tensioned high
strength fiber such as Kevlar to provide the necessary extra hoop strength. The tube may be of sieci
or aluminum alloy; the saving in mass may be limited by the min.mum practical thickness of the metal
case due to manufacturing considerations. This system is confidently expected to show reduced
vulnerability to fragment and bullet attack in corparison with a single metal wbe, since the projecti'e
cuts the fiber coating, locally destroying its contnbution to the hoop srength of the tube, and causing
ready venting around the area of attack, which is also the region where ignition of the propellant wilt
begin. Violence of response to the fuel fire may also be reduced, by a thermite or other pyrotechnic
“tab" or a thermally activated line charge can be incorporated into the overwrap to cut the fibre
wrapping and lead to venting once the propeliant is ignited.

Additional data concerning mitigation of hazards by a case design is found in Chapier 6 of this
report.

2.32. Nozzle

The nozzle converts the thermal energy of the reacted gases into propulsive thrust. Rocket motors
in general empluy the De Laval or convergent-divergent type of nozzle (as in Fig. 2) through which
the high-pressure gases from the combustion chamber are expanded to create a high-velocity jetin
which the exhaust velocity is substantially greater than the sonic value attained at the nozzle throat.
This augmentation of velocity, which is essential to maximize the thrust produced, is responsible for
the addition of the divergent section of the nozzle,

The design of the nozzle is highly critical and the material chosen has to be highly resistantto
crosion by the hot high-pressure propellant gases, and the longer the burn time, the more resistance is
required. Graphite, various steels, and molybdenum have all been employed, while vapor-deposited
tungsten on a graphite substrate and pyrolytic graphite deposited as a shell on a graphite substrate have
been proposed for high-perforrnance motors.

2.3.3. Propellant

Solid propellant rocket motor compositions may be grouped into three major classes: (1) those
based on an intimate mixture of nitroglycerine (NG) and nitroceliulose (NC) (double-base
propeliants); (2) those based on a two-phase system of fuel/oxidizer, usually ammonium perchlorate
(AP) and (usually) a hydrocarbon-based polymeric fuel and often a metallic fuel (e.g., aluminum)
(composite propellanis); (3) hybrid compositions containing (e.g.) AP and a binder (ofien with
metalic fuel) as well as NG and NC (composite-modified double-base propellants). These propellant
classes may each be subdivided into several types as described in the following subsecnions.




2.33.1. Nitroglycerine/Nitrocellulose Based Propellanis
(1) Double-base

: This is the oldest type of rocket propeliant (apart from black powder) and was originally
developed from gun propellant compositions (cordites), giving extruded double-base (EDB)
propellants. NC, which is 2 fibrous and bulky material is gelatinized by dissotving it in NG, and the
resulting colloidal mix is extruded through a dic. However, the solubility of NC in NG is reduced by
increase in the nitrogen content of the NC, and in addition the colloid may be too hard for extrusion.
This requires the addition of plasticizers such as high-molecular weight esters (solventless condite) or
of a volatile solvent which softens the cordite and has 10 be removed after extrusion (sotvent cordite).
A mixture of NG and NC alone is too energetic and also probably too sensitive for practical use. The
plasticizer may also serve as a coolant, or separate coolants may be used. In addition, nitric esters
such as nitroglycerine are essentially unstable and their decomposition is autocatalytic, so that a
stabilizer has 10 be incorporated - examples are carbamite, and 2-niwrodiphenylamine. Since the
stabilizer is used up in carrying out its function, the life of propellants containing nitric esters is finite
and diminishes with temperature rise. In addition, if the gases resulting from the propellani/stabilizer
reactions are not sufficiently soluble in the propellant, cracks may develop in the charge, with
potentially disastrous results on firing.

In general, the burning rates (r) of propellants increase consistently with pressure (p) ard
temperature as shown in Figs. 3 and 4. A formula of the type

r=apn 2.1)

where a is a constant and n is an index of value less than unity, may be applicable over limited
pressure ranges, although the relationship must be determined experimentally over the temperature and
pressure range of the intended application. Ceriuin lead salts added to the composition act as ballistic
modificrs, enhancing the burning rate at low pressures while not affecting it at high pressures; the
result is that the rate of buming/pressure curve may have in the intermediate region a pressure range
where the rate does not alter significantly (a plateau) (Fig. 3), or even a regression (mesa) (Fig. 4).
This generally occurs at pressures around 5-10 MPa. Consequently many double-base rocket motors

[ are designed to operaie in this pressure region.
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Fig. 3. Example of Bumning Rates for Platonized CDB Propeliant.

Many EDB compositions have been developed and used, but the size of propellant charges that
can be made by the solventless process is limited by the practicalities of extrusion. Although large
diameter presses may be used, it is difficult to produce sadisfactory propellants having a cross-
sectional area greater than about 40% of that of the press cylinders, even using heated equipment to
reduce the viscosity. Diameters of about 300 mm are reported in the literature. On the other hand if
solvent is employed, a drying time of weeks or months may be required. These difficulties led to the
development of cast double-base (CDB) propeliants. A mold (which may bte the rocket motor case

: itself, with any necessary lining) is filled with granular casting powder and flooded with casting liquid
! - desensitized and swuabilized NG. The casting powder is basically NC, but also includes all of the
other ingredients as mentioned above; for more energetic compositions, sonw subilized NG is also

R used in the casting powder. The NC causes the powder 1o swell up and absorb the liquid over a

: period of a few days at a "curing” temperawre of about 60°C. Complete homogeneity is not however
obtained in & finite rime and sections through CDB charges present a charactenistic mottled appearance.
This method is much more suitable for making charges of complicatzd cross-section (as required

L when a high mass buming rate and hence a large buming surface is called for) than processes based
on extrusion.
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Fig. 4. Example of Burning Rates for Mesa Propellant.

2.3.3.2. Composite Propellants

Composite propellants contain solids, generally in the form of powders, which are uniformly
suspended in a rubber binder. They are widely used because they can be loaded into motors ranging
fram srmall guided missiles to large space boosters. Moreover, such characteristics as wide
temperature range mechanical properties, thermal stability and aging characteristics are generally
superior to other classes of solid propellants.

1. Asphals

The first slurry cast composite propellants were made in the mid- 1940's from a molten asphalt-oil
binder, and an oxidizer. A propellant containing 75% potassium perchlorate was used in jet assisted
take-off units (JATO).

2. Polysulfide Rubber

A liquid curable polysulfide rubber soon replaced the relatively weak asphalt. These prepolymers
were terminated in mercapio (SH) groups. Mild oxidizing agents were used to convert these groups
1o -S-8 links, a process which yields a rubbery polysulfide. Polysulfide propellanis were processed
under conditions similar to those used for curreat composite propellants. These propellants were
widely used in the 1950's and 1960's, in tactical rockets, as well as in sounding rockets and aircraft
seat €Jectors.

The energy of these formulations suffered from the presence of sulfur, which decreases both
working fluid and enthalpy release.

3. Polybutadiene

The next major advance in composite propeliants came with the introduction of liquid curable
polybutadiene acrylic acid copolymers and terpolymers containing acrylonitrile. These binders
enhanced processibility and mechanical propernies of propellants. Energy was also enhanced since
higher solids could be realized with a binder that contributed to a high yield of working fluid and
enthalpy release. These binders were soon exploited in the Minute Man, 26{-inch boosters, and other
large rockets.

These binders contained random carboxy! groups and were, therefore, not capable of giving
propellants with adequate clongation at the lower operational temperatures. Binders having terminal
carboxyl and higher molecular weight were then developed which gave propeliants with improved
mechanical properties.

However, even these binders were not free from deficiencies, such as relatively high viscosiues,
high curing temperatures, and a tendency to undergo a gradual hardening (post curing) as the
propeilant aged. The curing involves the reaction of the terminal carboxyl of the binder with the
epoxy curative to produce a chain extended hydroxy ester. This reaction is stow and incomplete,
requires an excess of epoxy, and long cure times are needed (14 days at 145°F).
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Some improvement in the curing was attained by replacement of the epoxy curatives with their
nitrogen equivalents, aziridines. The curing reaction involves formation of the amido ester,

HOCICHACH = CHCH ACOH + C.H?‘ruconcon:gzz
2
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Aziridines, however, suffer from homaopolymerization and oxazoline formation which require them w
be used in excess as well.

Many of these problems were eliminated by the arrival of hydroxyl rerniinated polybutadienes
(HTPB) in the mid-1960's. HTPB propellants tended 10 display processing, curing, and awechanical
propertics which were superior to CTPB's. Since HTPB was made from butadiene and hydrogen
peroxide, it was less costly than CTPB's. These and other properties have caused it to become the
“workhorse " binder for solid propellants. HTPB propellants can be mixed and cured at comparatively
low temperatures because of the efficiency of the cuning reaction, the formation of polyurethare iink..
The reaction with a common curative (isophorone diisocyanate IPDI)

CHNCO
1
HO[CH CH = CHCH ,OH + M o

HL NV NCO
1PDI

AAN O[CH,CH = CHCH ] OCONHCH
|

POLYURETHANE HL CH;
HL ™ NHCO vV

No catalyst is required unless plasticizers are present.

While the problems associated with HTPB propeilants are much less formidable than with their
CTPB analogues, the matter of lot-to-lot variation in the HTPB (R-45M) mechanical properties is still
of concern. Lithium initiated HTPB polymers are very likely purer and are more reproducible; they

10




are also available in higher molecolar weights, which can result in propellants having improved low-
temperature elongation, These polymers are, however, more costly than R-45M.

While polysulfide and polybutadiene propellants were being produced, work was being donc 10
develop more encrgetic propellants containing polyesters, nitrate esier plasticizers, AP, and Al. These
gradually evolved into the modern cross linked double base propellants which contained hydroxyl
terminated polyethers and polyester binders, nitraie esters, and HMX in addition 1o AP and Al
Double base was used at low levels o enhance tensile siress and modulus in these highly plasticized
propeilants. Nitrate ester plasticized polyether compositons, NEPE, propetiants were developed from
2 higher molecular weight polyether (Peg E-4500). NEPE propellants have relatively high elongations
(> 200%). Gradually, cellulose acetate butyrate has replaced the NC as a ¢ross which has less
tendency to degrade elongation. Rocently propellants containing tri and tetra functional polyethers
high molecular weight (2 21,000 daltons) have been found to exhibit stress values over 160 psi and
elongations over 800%. These wugh propellants containing no NC or CAB to degrade elongation
may be useful in “Insensitive Munitions.”

2.3.3.3. Hybrd Compositions

This term is applied here to compositons sharing some of the charactenistics of both double-base
and composite propellants. Composite-madified cast double-base (CMCDB) compositions have been
manufactured using the CDB process. They contain a substantal proportion of aluminum and
ammonium perchloraie in addition w the normal CDB ingredients. These additional ingredients are
added to the casting powder. For these compositions carbamite and 2-nitrodiphenylamine are not
effective stabilizers and resorcinol is used instead. Unlike the CDB compositions these are not
platonized or mesonized, nor are they smokeless. CDB compositions containing nitramine are
mentioned above. At least one cast composition containing AP, aluminum and nitramine as well as
CDB ingredients is in service use. Composite modified double base propellant are made by a
composite propellant process.

Elastomer-modified cast double base (EMCDB) propellants have been developed in the UK o
reduce propellant frangibility, These materials can incorporate a reduced NC/NG ratio which leads in
turn to a reduction of observables :n the plume. These compositions like the CDBs, may be maodified
by the addition of nitramines.

234, Igoiter

The type of igniter most cornmaen'y used with solid propeliant motors having a bore configuration
is & pyrotechnic device, the main charge consisting generally of a heterogeneous mixture of powdered
metal (. g., aluminum or magnesium) and an oxygen-rich inorganic salt (e.g.. a metal perchlorate). i
may be in the form of pellets or powder, if the former, then some powder is still required to convey
the ignition to the pellets from the initiation system - a fuschead (squib) electrically initiated. The
confainer may be a paper carton (for smail motors) or a perfurated meial container with the holes
sealed with thin metal foil. The action is to convey the heat of reaction of the igniter composition
partly by convection of hot gases, partly by impact of hot particlkes of solid or liquid metal oxide and
partly by radiation, to the propellant surface. The igniter is nomnally located at, or extending down the
conduit from the head end of the motor (Fig. 1) so the effiux of gas from propellant ignited near that
end will help to spread the ignition along the motor.

Although much research has been done in this fickd, the ability of such an igniter o pedform
satisfactorily (igniting the whole exposed propellan surface in say 15 w 20 ms) can in practice only be
assessed empirically; in addition, the igniter composition reaction products are smoky. With the
development of larger motors the trial and error approach became 100 costly and this has led to the
development of the pyrogen igniter, which consists essentally of a propellant charge with nozzles,
i.e., ineffect a small rocket motor used 1 ignite the larger motor. The replacement of the pyrotechnic
composition, whose burning mechanism is not well understood, whose heat transfer mechanism
involves two phases, and whose products of combustion are smoky, by a propellant composition
whose mass burning rake can be controlled, whose combustion products may be gaseous only, and
also effectively smokeless (if a double-base or ammonium nivate based propeliant is used) obviously
improves the prospects of placing igniter design on a more scientific basis. In the meantime pyrogens
have been incorporated in & range of Jarge rocket motors and the viability of the concept has also been
demonstrated for smaller motors,

2.3.5. Disqussion

The development of rocket motors follows the general pattemn thut (other things being equal) the
greater the performance sought, the greater the hazard presenied, but as with all such generalizadons,
this cannot represent the whole picture, since the "other things” 1n practice are not "equal.” There are
in fact several points o be taken into account.

it




The oldest type of rocket propelflant, EDB, had adequate performance and relatively (aithough not
compieiely) smokeless exhaust, but suffered from a high temperature coefficient of burning rate which
can result in a considerable increase in chamber pressure between the upper and Jower ends of the
service temperature range. This led to penalties since not only is the chamber reguired o withstand
the maximum pressure at the highest operating emperature {and is therefore unnecessarily strong and
massive at lower temperatures), but in addition the thrust/time characteristics would vary. From the
point of view of hazard, EDB propellants are very brittle under fragment and bullet attack conditions
over the whole service temperature and this can kead o very violent deflagrations. At low
wngperatures brittic characieristics will be exhibited &t lower stresses and shrinkage cracks may
develop. At kigh temperatures the life of the motor is limited by the stabilization of the propeilant, and
the possibility of gas-cracking as a result of the rate of generation of gas from ition of the
propellant and swbilizer cutstripping the rate of diffusion to the outer surface of the and
exceeding solubility in the propellant - this larer being expected w divninish as the wemperature rises.
In addition the inhibitor may soften if nitroglycerine and/or gas diffuse into it, especially at high
temperature.

COB propellants share many of the defects of EDB propellants, but owing to the different method
of manufacture, they are less britde and show lower vulnerability 10 projectile attack at room
temperature and above, though stll exhibiting brittle fracture at iemperatures below 0°C. Aluminum
can be incorporated into the casting powder which increases the performance at the expense of greater
opacity of the exhaust. Compared to EDB propellants, CDB propellants are more likely to exhibit
exudation of NG (more or less diluted) on to the surface of the propellant; this is encouraged by low
emperatures when the NG can crystallize out. Although larger mators can be manufactured using
CDB than with EDB it has to be remembered that gas cracking will be a more scrious problem with
these larger grains and consequently service life at high temperatures may be reduced.

CMCDB propelants exhibit higher performance than CDB but exkhibit the various problems
associated with the CDB and EDB classes: in addition, the addition of AP destroys the platonization
which has been one of the advantagcous properties of the other classes of propellant.

To increase the efficiency of rocket motors it is desirable if possible to increase the chamber
pressure and since the pressure range for platonization in double-base propeliants varies very little
between different compositior s, there is now an increasing tendency 10 use composite propellants.

These consist of mixture: ot .irls and oxidants as separate molecules, now usually bound
together in a polymeric rubbery raurrix, Their main advantages over double base propeilants iie in
their increased overall energy, density, burning rate, and specific impulse, their improved mechanical
propenties and storage life and their reliable stable combustion in the presence of metallic foels such as
aluminum. The main disadvantage of composite propellants is undoubiedly their smoky exhaust
plumes. Many missile designers are looking for high energy smokeless propeliants with minimum
signature and atenuation. The smoke they produce can conveniently be classified into rwo types, viz.
primary smoke, produced from the combustion of aluminum w Al203 which gives the characterisic
white plume, and secondary smoke, derived from the condensation of HCI in humid conditions.
Primary smoke can cbvicusly be eliminated by formulating nonaluminized compasitions, but this
usually recults in energy reduction. Nitramines have been used as aliernative oxidizers but these also
have disadvantages such as slower burning rates, bigher pressure exponents, aiad increased
vulnerubility of the systern.

In addition, when the metal content in compaosite propeliants is reduced considerably or eliminated
altogether there follows the distinct possibility of combustion instability, which has been found 10
depend also on the size distribution of the oxidant present, This problem can sometirnes be overcome
by redesigning the motor and grain geometry, but often more effectively by small changes in
composition involving addition of refractory matenals such as ZrC, Alz03, or TiO; in carefully
monitored particle sizes.

Composite propellants can undergo surface oxidation under storage at high temperatures,
particularly in the presence of certain burning-rate modifiers. This process results in extra cross-
linking and formauon of a hard skin, which in tum may sensitize the propellant charge 10 mechanical
stimull.

The propellant-to-case weight ranos for traditional metal-cased rocket motors may be improved by
the substitution of part of the metal by means of structural fiber, and further improved by the use of
aluminum rather than stee! for the remaining thickness, However if the external layer is of insulating
fiber (¢ g, Keviar) and adhssive, this in combination with the metal layer below will (unless the metal
is earthed/grounded) introduce 2 capacitive effect, keading to the capability 10 siore and discharge
electrostatic encrgy. Handling the motor, especially under low humidity condidons, may produce
large clectrostatic charges on the insulating outer layer. and the electrically isolated propeliant grain
will then acquire a substantia! electrical charge by induction. Any break in the continuity of the
conductive surface (¢.g., the nozzle end of the motor) may then icad to a discharge 10 the propellant,




and 10 intemal ignition. Experimnental work sugrests that cracking of the propeliant always precedes
such ignition, and the exua burning surface so prociuced may lead to & very violent event.

This hazard is not necessarily revealed by laboratory-scale tests on finely divided propeilant, and
increasing the size of the sample may lead to a reduction in the electrostatic spark energy necessary o
ignite the material and hence t an apparent incTeasing sensitiveness. The development of the event
appear’s to be related to the conductivity of the propellant under high voliage conditions, which may
lead to breakdown of matrix insulation between adjacent metallic particles.

Future trends in rocket motor development appear to extend in two principal directions which give
the impression of leading upposite ways. The first is in response 1o a domand for increasingiy
enerpetic and faster-buriing ittons. Increase in energy ix a matter of thermochemistry; most
propellants in service are fuel-rich in terms of stoichiometry 1o the most favorable product system, viz
carbon dioxide and water, and development of energetic binders for composite propellants. {0 replace
the older types discussed earlier, should improve the energy output. Stability problems, however,
may comiplicate matters. The use of mtramunes in nitroglycerine/nirocelulose based systems is
expected to be further developed. Increase in buming rates may be achieved by the use of "ulra-fine
(US) or "micromzed” (UK) ammoniurn perchlorate in composiie propellants. Both these types of
development are expected 1o increase potential hazards and to run counter to the second trend: the
development of “insensitive” of more precisely “low-vulnerability” munitions. Any type of
composition may be manufactured o include thin wires to improve the conduction of heat from the
reaction zone into the unburnt propellant. The result is effectively to increase the burning surface arca

To meet performance requirements in addition to the demand for reduced vulnerability has called
for re¢xamination of the motor case material as well as the propellant compositdon(s). The
frangibility of the latier is of prime importance in determining vulnerability 1o projectile attack since
even i local increase in bumning surface following crack propagation can lead to motor explosion.
Thix has led tn an increasing interest in the use of elastomeric binder compositions 1o decrease
frangibility in all classes of propellant. The problem is expected to be most severe at low temperature ~
where dramatic increases in vulnerability to projeciile auack are experienced at temperatures below the
strain-rate-adjusted glass transition ternperature. The use of polymer-fiber-overwrapped case
matenials (in addition to reducing the case/propellant mass ratio, leading to increased motor
performance) decreases motor vulnerability w projectile anack, cutting the fibers leads 1o substantial
reduction of case swength and consequent easier venting.

Cook-off presents a differeat problem, unless the case swength itself can be reduced by
degradation of the case matenial before the propellant ignites, as with steel sirip-laminate cases. Here
interest is being shown in the use of linear charges of pyrotechnic componsition {thermite tabs™) or
line-cutting charges to weaken the case and provide venting hefore the propellantignites and the mowor
becomes propulsive or explodes.

The application of unexpected mechanical stresses, ¢.g.. if the motor is dropped, can also result in
damage leading to disaster on subsaquent ignition: in general any motor which has been dropped is
vonsidered unsuitsble for use.

With very large rocket molors eatra problems anise. The magor case or beaker (tape wrapping
around the propellant grain with compatble adhesive) provides supporn to the charge, but the larger
the charge the greater are the distornons produced by the strains experienced on motor acceleration
("g" stresses). Depending on the propeliant rheology these deformations may become unacceptable,
¢.g., if they lead w even partial blocking of the conduit of nozzle, producing intemnal pressure s and
motor failure. Case bonding is always a potential source of weakness and the position is more eniticul
with large motors; debonding, loss of suppors 1 and consequent disruption of the grain can be
expected 1o have catastrophic results. With such motors the balance between performance, standurds
of manufacture and maintenance, and hazard 1s even more critical than with normal motors, especially
in view of the greater potential consequences of failure.

13




24, TERMINOLOGY

The equivalent terms for the various pans of the motor are given in Table 1,

Table 1. Equivalent Tenms in Rocket Motor Technology.

Sustainer Propellant
Case binded Propellants
Blast Tube

Port

Marsch-Treibsatz

UK, USA Crermany France
Motor Motor (Tricbwerk) Propulseur
Head end Kopfaeite Fond avamt
Rear end Dilsenseite Fond arriére
Case {Brenn)Kammer Structure
Propeliant (or Propellent) § Treibstoff Propergol
Grain (or Charge) Treibsatz Bioc
Solid Fest Solide
Por/perforation Gassudmmungskanal Canal
Nozzle Ditse Tuyére
‘Throat Diisenhals Col de Tuyére
Closing disc Abdichtmembran Opercule

= (Wand or Web)stirke Epaisseur
Vet plug Entiiftungsstopfen Bouchon évent
Inhibitor Inhibitor Inhibiteur
Insulator Isolation Protection Thermique
Liner Liner Liner
Pressure relief Druckentlastung Dispositif d'arret de poussée
Igniter systern Anziindsystem Sysiéme dallumage

Anziindpille Inflammatcur

Tgniter Anziinder Allumecur
Fusehead/squib Anziindsysiem Inflammateur
Thrust Schub Poussée
Single-stage motor Einstufen-Motor Moteur 4 un étage
Two-stage motor Zwetstufen-Motor Moteur & deux étages
Rocker Rakete Roquette
Casting powder Giebgranulat Poudre 4 mouler
Casting liquid Giebfliissigkeit Solvant de moulage
Missile Flugktrper Missile
Boost Motor Start Motor Moteur d'accelération
Boost Propellant Sun Treibsatz Propergol d'accelération
Sustainer Motor Marsch-Motor Moteur de croisitre

Propergol de croisiére




CHAPTER 3. OVERVIEW OF SOLID PROPELLANT ROCKET
MOTOR HAZARDS AND HAZARD TESTING

This Chapier introduces terms and concepts in order 1o lay a proper foundation for discussions in
subsequent discussions in this repon. Following definition of selocted terme, the concept of flow
charting is introduced. Flow charting is used to show the process associated with an initial event
leading to the response of a racket motor. This is important in the concept of hazard protocols which
is introduced in Chapeer 4. Finally, imnportand aspects associated with hazard testing are presenied.

3.1. DEEINITIONS

HAZARI - The cver present potential or threat of causing damage or loss, independent of any specific
unsafe situation or stimulus. Hazard is an inherent property of cach ordnance item, especially of the
active parts. The hazards can appear within the context of:

= Safety; chance events

*  Vuinerability: effects of deliberately hosule stimuli

« Nommal functioning or functional hazards: hazards when a solid propellant charge 1s
consumed tunctionally. These cou.d result, for example, from the nozzle exhaust plume -
thermal effects, hot gases, small particles of alumina, and excessive noisc.

In this AGARDograph, functional hazards are not considered.

The problems of hazard are compounded by the desire 1o always want the highest performuance
that can be achieved. Unfortunately, as the energy density of the propellant is increased, the hazand
sensitivity and output of unwarted reactions are usually increased also. Thus the problem is 1o pro-
vide the maximum performance consistent with acceptuble hazard. This involves performance/hazard
trade-offs.

DANGER is a property of a certain defined unsafe situation, characterized by the hazards of the
danger source, the vulnerability of the endangered object, and envirormenial conditions.

SAFETY is the antorrym 10 DANGER; a high safety level comesponds i a low danger level and vice
versa. The concept of SAFETY is linked with accidents. ACCIDENTS are unintended events that
proch:ce effects that may lead to damage. 100% SAFETY or ABSOLUTE SAFETY means the
absence of any hazard in the regarded danger situation. For activities involving active parts of
ammunition, such as rocket motors, absoluie safety is not possible. Therefore they are said “safe. it
the danger emanating from them is limited to an accepiable level compared to other risks to which we
are exposed.

SAFETY and DANGER are linked 10 an activity such as Joading. wransporting, storing, testing. or
tional use of a rocket motor; it is not a property of the motor itself. For example we do rot refer

to the safety of @ motor, but to the safery of machimag propellant or ranspornting the motor.

RISK is a measure of danger and involves consideration of probability and potential damage level.

RISK PRESENTED BY AN ACTIVITY contains the probability of she undesired eveni(s). the cutpu
level of that evems), and the extent of the possible damage or consequences. There is no inter-
nadonally agreed generally “acceptable risk” level. The degree of acceprability obviously changes
with situations. In war time much higher risks are accepled than in peace time. Similuriy +f an ord-
nance iem is "critical” moee fisk wiil be accepied than if the item were "nosmal.”

The task of RISK ANALYSIS is 10 identify huzards and the causal chain for specific danger. The
possible causal chains are of central imponance because they serve as a pattern for deviloping preven-
tive measures and as a basis for estimating the rate of occurrence of the undesired event.
MITIGATION is an action 1o reduce the reactivity of the ordnance to a given stioulus.

INITIAL EVENT is the trigger event that leads 1o a stimulus(1) being apphed 10 a rocket motor and the
subsequent RESPONSE of the propellant, producing EFFECTS or OUTPUT that result in DAMAGE
1o personne) or materie! in the surtoundings. The following secrions Jiscuss these subjects.

32 IN[IMAL EVENTS

Initial events are associated with some activiry with the rocket mosor. These activities include:

<«  manufacture

« shipping and handling




+  storuge (includes placement in and removal from)

+  active storage of staging (e.g., "bomb farms” on aircraft carrier
decks)

* integration on platform (aircraft, tank, ship) in a semi-ready state

+  arming {semi-ready to ready, armed state)

* operation (both test and actual use)

«  destruction, demilitarization

The initial event can be due, as shown in Fig. 5, to:

* the rocket motor wlone

» the rocket motor as an integral part of the missile

= the environment (cverything outside the motor or missile)

The initial event can lead 10 an undesired event through the four paths shown in Fig. 5.

In path one. the initial event is generated by the motor itself. For example, stabilizer depletion in
the solid propellant could lead to an autocatalytic reaction and ejection of part of the propellant grain
through the nozzle causing a rapid pressure increase in the motor.

In path 1wo, the environment affects the motor. For example, external heating such as fire or
exhaust impingement: vibration during shipping, handling. captive camage; abnormal stimuli from
accidents such as truck crash, aircraft crash; lightning or electrostatic discharge; and deliberats hostile
acts such as bullet or shaped charge jet attack.

In path three, the environment causcs reaction of a missile component or subcomponent other than
the motor, which in turmn results in a reaction of the motor. For example, a fragment impact detonates

the warhead which in wrn causes an undesired reaction in the mator.

Path four is similar 1o path three, but instead of an outside stimulus setting off a missile compo-
nent, the component sets itself off and causes an undesired reaction in the motor.

OF——G
ENVIRONMENT () |——- - #—(2) UNDESIRED
MOTOR HAZARD
et 3) EVENT
3 _—
¥ [
- @ |
MISSILE
= -

Fig. 5. The Four Paths Towards an Undesired Event.

Fig. 6 presents the various responses of the motor to the inital event. The initial event induces
response of the motor into either:

1. No chemical reaction with or without motur degradation (mechanical damage). When degra-
dation occurs and is undetected, then a hazardous operating situation may be cncountered.
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2. Chemical reaction which could be:

« local decorrpositien or burning
¢ buming
« thermal explosion
»  partial detonation (detonation of a portion of the propellant grain)
+ deeonation
INTTIAL EVENT
|
[ ]
NO CHEMICAL CHEMICAL REACTION
REACTION OF THE @
PROPELLANT
‘ \
DEGRADATION PATTERNS OF
(MECHANICAL NO DEGRADATION BEITAVIOR FOR THE
DAMAGE) @ @ MOTOR @

1
DETECTED NOT DETECTED
HAZARDOUS NONHAZARDOL
OPERATING (8) OPERATING (9

Fig. 6. The Nature of the Response of @ Motor 1 un Initial Event,
These chemical reactions could lead to any of the following motor actions:

no significant external output

burning with or without limited projection of debris
self-propulsion

mechanical burst/pressure burst

deflagration with propulsion

partial detonation

detonation
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34. QUIPUT/EEFECTS

The response of the propellant to an initial event may produce primary and secondary effects that
include:

Thermal flux, flames

Projection of motor fragments and live and inert propellant debris
Self-propulsion of the motor

Blast and shock waves

Smoke

+ e » 2

The projection of propellant is of concern because these fragments can possibly explode or deto-
nate at their point of impact, causing an indirect hazard, that greatly spreads the area that must be
considered.

The energy release raie of the propellant will determine the intensity of these effects Data relevant
to establishing a propellants’ energy release in terms of TNT-equivalency and debris distributon.
thermal radiation levels, and fireball diameter can be found in Baker et al, 1983.

3.5. HAZARD RESULTDAMAGE CONSEQUENCES

Hazard output couses damage to personnel and materiel. As previously mentioned, the main dam-
age mechanisms are thermal (fise, heat), blast overpressure and hazardous fragments, The damage
caused will depend on the environment in which it occurs. For example, levels of blast that are catas-
trophic in the confined space of a tank or ship's holds, or near an aircrafi, may be relatively benign in
the open. Similarly the damage potential of thermal and fragment output from reacung muritons is
dangerous in proportion to proximity of personnel, other munitions, or susceptible material  For
review of probabilities of injury or death of personnel, damage to structures or equipment as 4 func-
tion of output intensity, publications by Zaher, 19751; Mosely. 1986; and Boisseau, 1986, 4
recommended:

The damage done to other motors is also of importance. As will be shown in later chapt . b,
composition and the condition of the propellant is an exwemely imporntant coasideration: less than 14
voids dramatically changes the response to mechanical shock. Damage cannot only corre from pri-
mary sources described above but can be caused by:

handling (dropped, rough handling)
storage (temperature and humidity)
multiple captive carriage

apge
debonded from the case

« o o o @

This subject is treated more fully in NATO AC/258 and U.N. Recommendations for the Transport of
Dangerous Goods.

3.6. TESTING IN GENERAL

Testng of energetic materials is concerned with whether or not a sample responds 10 a given
stimulus and the type and level of response for a given stimulus in a given environment. Realistc
description of sample, stimulus, and environment is important, as will be seen later. For example, the
same material may respond differently to the same stimulus depending on environmental effects such
as confinement; lack of confinement may make the difference between a detonation response and a
mild reaction. Similarly, the state of the sarnple may determine whether initiation occurs; for example,
a slighty damaged propellant may detocate when subjected 1o a given shock level while its undam-
aged counterpart will not detonate.

Statistical probability is one of the problems associated with inadvenient initiation of munitons or
articles containing energetic materials. In cascs where hazard risk is expressed in probabilities of one
response in tens, hundreds, or thousands of trials, statistically meaningful testing is so costly and
time-consuming as to be impossible. In reality, the issue is usually completely avoided by performing
inexact tests that demonstrate "safety” with two no-go responses to a "standard” stimulus, Quite
obviously, when this is done, we are often so far from conditions that will initiate hazardous reacton
that almiost nothing relevant is learned from the tests.

3.6.1. Types of Tests

The stimuli the motor is likely to see and its frequency ol occurrence must be defined in the con-
text of the environment. This definition of environment 2nd stimuli is the threat assessment, telling
the munitions designor what threats he must design for. Just as the designer is told what vibration



levels, g-loadings, and temperatures the design must accommodate, he also should be told what haz-
ard situations must be considered.

The hazard phenomena and the methods of assessing the hazard may differ between countries, hut
ail hazard assessments include testing and analysis. Chapter S discusses the testing and analytical
methods for each of the iechnical arcas, Before those discussions, it would be good to review testing
in gener 1, before discussing specific testing,

Development of motors require tests at both ends of the design spectrum: (1) tests, usually small-
scale laboratory or test cell wests, that yield data necessary early in the design cycle for the actual
design work, (2) intermediate, and (3) large-scale, all up component or munition tests obviously
occurring at the end of the design cycle that tell the program office whether the design goal was
achieved and by what margin. The large-scale tests are the "proof of the pudding”--no matter how
good your smali-scale test results and predictive methods are, you will still have to do some large, all-
up tests. However, large-scale testing has some drawbacks.

1. Large scale tests are costly and we don't do many, The tatal cost includes the test itself and the
cost of the test article--a rocket motor or a warhead section. Both are expensive.

2. Poor instrumentation, Because of the potential violence of a hazard reaction, most large-scile
tests are done in a remote location. With few exceptions the level of instrumentation on these field
tests is much less extensive than on laboratory or test cell tests. In many cases there is no instrumen-
tation other than slow speed video cameras, and the test results are either "go™ or "no-go”.

3. Emphasis on "pass”, Often it is the program office who is paying for the large-scale test.
Understandably, their emphasis is on passing the test; hazard testing is just one more milestone that
must be succes~fully accomplished. If two passes are achieved, who wants to press their luck?

As a result of the above considerations, large-scale testing usually yields few, very "relevant”, but
poorly instrumenicd pass/fail results. There is no real measure of margin of safety, and the data do
not provide much of a statistical base (especially when many of our hazards are 1in 100to 1 in
1,000,000 probability).

You may question why one should worry about hazards whose probability of occurrence are so
low. But concem must be given if (1) the consequerces of reaction is extremely severe, e.g., detona-
tion of a ballistic missile, or (2) if the number of "trialy” is high, e.g., launching and retrieving aircraft
on an gircraft carrier. These are ends of the spectrum; we must be able to make assessments that con-
sider probability of occurrence and severity of output. Unfortunately a few large-scale tests may not
provide us with the information necessary to make the assessments.

Consider a series of N tests with x tests resulting in explosions. The probability of an explosicn
occurring on any one test is P, independently of what happens on any other test. Then the probability

that no explosion will occur on any of the N tests is {1 - P)N: hence, the probability Py of at least one
explosion occurring in N tests is

Py=1-(1-PN 3.1

This equation can be used to calculate Py if we are given P and N. Or, we can solve this cquation for
N to get

In(1 -Pp)
N= (1 -p) (3.2)
which can be used to calculate N if we are given P and Py.

For example, supposc P = 0.01, and we perform N = 50 tests. Then by Equation (3.1}, the
probability of sceing at least one explosion is

Py=1-(1-001)50=0395 ..

Thus, there would be only a 40% probability of secing at least one explosion in 50 tests. To find out
how many tests we would need to increase Py from 40% 10 95%, we invoke Equation (3.2) 1o get

N = (1 -0.95)

=T 000 = 208
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Similarly, if there is only a one-in-a-thousand chance of an explosion occurting on any one test, then
10 be 95% certain of secing at least one explosion, the number of tests needed would be

In(1 - 0.95)
In(7 - 0.001)

N=

=2,994

In many hazard testing programs, especially those involving large scale tests, only two trials are
run at a given condition. Equation 3.1 can be solved for this case of N = 2 tests 10 see what is the
probabilly of getting an explosion in the two tests, given the prabability P of an explosion occurring
on any one test. Rzsults of such a calculation are given below.

Table 2. Dependence of Probability of Explosion on Number of Tests.

P, probability of explosion Py, probability of explosion
in one test in N =2 tests
001 2%
.01 2.0%
03 10.0%
.10 19.0%
.20 36.0%
.30 51.0%
.40 64.0%
.50 15.0%

Ay mentioned earlier, many hazards, one in a thousand, one in a hundred, or one in ten occurrences
(actually, one in ten hazard or higher occurrences) are often said to be 100 hazardous and we try o
dvoid those situations altogether, yet when only two tests are conducted, we have a low probability
(2%, 2%, and 19% for the 1 in 1000, 1 in 100, and 1 in 10 cases) of detecting the hazard,

In addition to low swatistical basis for even a given test with prescribed stimulus and environment,
a few tests cannot cover the range of stimuli and environmental conditions the munition is likely to
cncounter. As will be discussed later, a 20 mm bullet fired at service velocity is but one point in bullet
mass - velocity plane. As will be shown, passing the 20 mim bullet test does not necessarily mean that
other bullet tests will be passed; smaller, slower bullets, or the 20 nun bullet at lower veloeity, may
cuuse explosion of motors that passed the standard 20 mm bullet test. See the hazard mapping of
Chapter 4.

Margin of safety, a desired design consideration (tells the designer whether he's on the ragged
cdge between passing or failing, or whether he has much flexibility before approaching the edge) can-
not adequately be assessed by a few pass/fail tests.

Small-scale laboratory or test cell tests, on the other hand, inexpensively provide (usually) much
data with reasunable control of the variables within the range of experience. However small scale
tests only give order of magnitude comparison with data from experience (or in comparison to a well
known reference test matenial), therefore the relevance of the small scale data 1o the large scale siwa-
tion may be questioned. We must select the correct way o predict scaling effects. This latter consid-
eration may require predictive analytical models; unfortunately, in many of the hazard areas the models
are not sufficient to do this extrapolation, Thus, from the small-scale tests we may get much data in
cantrolled situations, but we must ask ourselves how we are going to yse these data.

3.6.2. Testing to Failure

1f a "pass” response is achieved, continued testing (more tests ot altering the stimulus or environ-
ment) should occur until failure responses are achieved. We usually tearn more from a "failure” than a
“pass” - (initiating stimuli, violence of output, margin of safety, etc.). But perhaps more imporiantly,
lack of failure can be deceiving as just discussed with respect to the 20 mm bullet test. One of the
most common deceptions resulting from lack of failure surrounds the card gap test (this test is dis-
cussed later). Many people publicize propellants "having zero card gap” as being nondetonzble. This
is not the case. A zero card gap simply means that the critical diameter (the smallest diameter which
can sustain a steady state detonation) of the propellant is larger than the 1.44 inch diameter of the card
gap test. Itdoesn't tell you if the criticul diameter is § inches or 40. If it were 5 inches and you
loaded that prpellant into a 13 inch end buming motor, you would have a detonable motor, Again,
luck of results can be deceiving.

3.6.3. Test Categorization
The major types of stimuli are

*  Heat

+  Mechanical deformation
+  Shockwave

« Elecuical discharge
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Within each of these types of stimuli one can distinguish different levels of intensity of the
stimulus.

Heat stimuli range from slow (bulk) heating 1o fast heating associated with unpacked munitions in
a fuel fire,

Mechanical deformation can be caused by a drop of unpacked munition of several meters, or by
bullet/fragment impact.

Shockwaves can be generated by high velocity impact of projectiles and shaped-charge jets, as
well as the adjacent detonation of high explosives.

Sparks can be generated as a result of static electricity by humans or machines, faults in electrical
equipment and even lightning.

Electrornagnetic radiation can lead to a reaction in ammunition by its action on the Electro
Explosive Device (EED).

‘These types and degrees of stimuli usually are discussed under labels of fast cook-off, slow cook-off,
or thermal explosion, sympathetic detonatton {fragments and/or blast are stimuli), bullet or fragment
impact, and electrostatic discharge.

Tests are usually called out for these phenomena. For example, the U.S. in its Joint Service
“Insensitive Munitions™ Policy addresses these hazard threat areas, and has pass/fail criterion for each
test. These are given in Table 3.

Table 3. Insensitive Munition Requirements Source: NAVSEAINST 8010.5
(See also proposed MILSTD 2105A).

Hazard Threats Record ] Criteria ]
Slow Cook-Otf * Internal Temp at Energetic Mat'l/ | No Reaction More Severe than
Inert Interface at Reaction Burning
* Blast Over Pressure
Fast Cook-Off » Fire Temp No Reaction More Severe than
* Blast Over Pressure Burning
* Location of Debris )
ragment Impact « Assessment and Credible Event
Analysis
* No Reacton More Violent than
Burning
Bullet Impact + Blast Over Pressure No Reaction More Scvere than
+ Location of Debris Buming
» Camera Coverage
Sympathetic Detonation « Assessment and Credible Event
(Ship Stowage, Analysis
Magazine or Launcher) +* No Sympathetic Detonation in
Stowage Configuration

3.6.4. Sample Selection

‘The sample itself must be adequately identified and described. Is the item(s) to be considered a
rocket motor?, the missile?, several missiles in a shipping container? In the instance of the rocket
motor by itself or as a subcomponent of a larger consideration, what is the propellant (ingredients,
amounts, particle sizes, grain configuration, etc.) and is the propellant:

« freshly manufactured, freshly loaded
» aged (perhaps with stabilizer depletion, particle size change, etc.)
damaged

3.7. EVENT PROBABILITIES

For peacetime conditiois it is useful to apply the methods of risk analysis and safety assessment
10 assess the hazards in a given situation in a quantified way. The methods used for such a safety
assessment are briefly described in Annex 1. A more complete description will be found in
"Compilation of Damage Models,” 1989,
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CHAPTER 4. SOLID PROPELLANT ROCKET MOTOR RESPONSE TO THREATS

A new hazard analysis approach for solid propetlant rocket motors is introduced in this chapter.
This analysis approach, termed Hazard Analysis Protocol, involves assessment of a given threat and
the identification of tests and analysis necessary to yicld the necessary data for the design and
fabrication of solid propellant rocket motors. This is a pivotal chapter in this report in that it relates the
subject of system threat to that of the technical areas associated with hazards.

4.1. THE CONCEPT OF HAZARD ANALYSIS PROTOCOL

Hazard threats are not simple and should be considered early in the design of a solid rocket motor,
Consider the hazard threats listed in Table 2. These are mixtures of stimuli and response. It can be
seen that bullet impact and fragment impact are stimuli, sympathetic detonation is a response, cookoff
is an jncomplete combination of stimulus (heat) and response (the response is either no reaction,
burning, deflagration, explosion, or detonation). To move from these hazards areas and identify the
tests that would provide data necessary for rocket moter design (rather than pass/fail criteria). the
hazard areas must be further divided and refined.

The Hazard Analysis Protocol concept can be divided into the following four phases:

Phase 1, Protocol Process (Flow Chartung)

Phase 2, Hazard Mapping

Phase 3, Application of Hazard Technology, and
Phase 4. Identification of Methodology Deficiencies

In the following sections, the Hazard Analysis Protocol Concept is defined in terms of these phases.
4.1.1. Phase [, Establish Hazard Process Protocol

The term protocol is meant to be the order or procedure for consideration of a subject (Lere taken
to be the hazard area). While the wenm protocol may be a bit unfamiliar the process is not: we use the
approach many times a day -- every time we must make a multi-step decision. For example when we
awaken in the morning, we make a decision whether to get out of bed. The time of day, day of week.
plan for the day, and other factors influence whether we get up or not. The following logic is an
example of a protocol. The first question we might ask if we awakened without the alarm clock might
be "what time is it?" "Is it before or after the normal awakening time." If it is before the time to get
up you might ask if you want to get up. If yes, get up. H no, is it a "special day"” that requires an
earlier rising. If not you can go back to sleep and stant the process again later. If on the other hand,
the time is the normal rising time or later, you might ask yourself if 1oday is a work day or not. If it
is, then you'd better get up. 1f it is the weekend or holiday, you can decide whether to get up or slecp
in. The decision will partly be made by your planned activities. This then is a very simple protocol,
with most of the questions amenable to a simple yes or no answer. It can be sketched in flowchant
form as shown in Fig. 7. The hazard analysis protocols presented later are more complicated than this
simple example but utilize the same patterr: of logic. In the hazard analysis protocols presented later,
because they are more complicated, each box may represent several considerations that are grouped
into one topic box for ease in presentation. In formulating the various protocols, we attempt 1o
determine what information is needed. The result of this protocot phase is a flow chan (or series of
flow charts), and a list of what information is required. The list tells what information is needed; the
flow chart tells when the information is needed. In many cases a piece or type of information is not
needed because we are in a different part of the flowchart.
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Fig. 7. Example of Hazard Analysis Protocol.

4.1.2. Phase 2. Determine Hazard Mapping

The hazard maps transform a list of information to curves on plots, and shows the focation of the
various curves relative to each other. The purpose of this phase is to show how you are going to use
the information the flowchart said was needed. We use the plots with their information: (a) to
understand phenomena, (b) to compare the hazard response with anticipated threat to determine
vulnerability, (¢) to aid in design predictions, (d) to help select and predict the response of large-scale
tests, and (e) to indicate what further data are needed.

‘This chapter will present the hazard analysis protocols and a hazard mapping for for the fragrment
impact example. Chapter 5 will continue the process by assessing existing Lest methods and analyses
for all hazard threat areas.

4.1.3. Phase 3,_Assess Exigting Techniques (Experiments and Apalyses)

The listing of the phases of the process are in priority order; note that assessment of existing tests
comes after you have determined what information you want, why you want it, and how and when
you are going to use it. In evaluating proposals for “Insensitive Munitions™ work, all too often, we
see people essentially start with their existing experimental tests and analyses and try to bend them to
the “Insensitive Munitions” effort. Unfortunately in many cases, the efforts are imelevant; we cannot
use the data. But having done the hazard protocol and plots phase, we know what information we
need and how we're going to use it. Then we seek how we're going to obtain the data. Our
assessment of existing experimental test methods includes, for each test:

What is the test - The description would include a brief description of the test.
What does the test measure?

How docs the test measure the desired phenomena?

What are the advantages of the technique? How well does it measure the hazard?
What are the limitations of the technigue?

2 e s e o

Similar consideration is given to the various analyses within each area.
4.1.4. Phase 4. Identifv Deficiencics
Igentify deficiencies, The above phase identified deficiencies of the individual test wehniques and

analyses. This phase identifies deficiencies in the application of the techniques of Phase 3 as well as
other deficiencies of the program:
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* Do we lack needed data?

+ Do we lack needed tests and analyses? Phase 3 may have indicated that we have no viable
technique for assessment.

+ Do we lack instrumentation”?

« Do we lack consistency between investigators and establishments?

«  Where we cannot reach consensus, can we at least identify and make recommendations as
to how the issues may be resolved?

Given the above process, the various hazard situations described in Chapter 3 will be examined. It
will be noted that the hazard - Fragment Impact - has the most complete analysis according to the
Hazard Analysis Protocal. Other hazard threats were in a preliminary stage at the time this repott was
written.

42. COOK-QFFTHERMAL THREAT

Originally the term cook-off was reserved for the situation of a carridge within a gun not being
! inidated by the bolt but igniting afier heating by the hot barrel. With the increasing energy content of
energetic materials the meaning of the term cook-off has broadened and now is concerned with how
munitions react to thermal stimuli ranging from exhaust impingement or fuel fires (fast cook-off) 1o
bulk heating or self heating (slow cook-off). The thermal gradients dT/dx and heating rate dT/dt are
the prime differentiations between fast and slow cook-off (Gther than heal source). Slow cook-off
reactions are bulk heating (very low dT/dx) and slow heating rate (3.3°C/hrin U.S. "standard” slow
cook-off test heating rate). Fast cook-off is concerned with high gradients (several hundred °C/m) and
high rate s (hundreds of °C/m).

A preliminary hazard analysis protocol for cook-off has been developed as a tool to recognize and
evaluate the hazard. By answering the questions in the first flow chart, Fig. 8, with a yes or no
answer, one ends up with a number (1-4) or a letter (A-D). If the result is a letter, one proceeds 1o a
second flow chart, Fig. 8. Then, in the same way one finds a combination of a letter and a number.
The effect and response time is estimated by reference to Table 4.

The questons of Fig. 8 are:

+ s the heat source direct-fuel fire (or bon-fire), or exhaust impingement?

« Is the ordnance item packed in its shipping conuainer/storage container?

+ If itis packed, is there thermual protection by flame retardant (direct heating) or heat
chielding (indirect heating)?

+ I not packed does the motor case provide thermal protection (c.g.. intumescent paint or
insulating liner) (direct heating) or a missile hear shield {indirect heating).
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Fig. 8. Preliminary Hazard Analysis Protocol for Cook-Oft.

The answers 1o these questions give 1-4 or A-D results. If the resultis A, B, C, or D then the
questions of Fig. 9 must be answered. The questions include:

= Is the missile assembled, or are we dealing with components?
*  What is the casing material?
+  Are there pressure veats designed in the casing?
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Fig. 9. Continuation of Preliminary Hazard Analysis Protocol from Fig. 8
for Responses A, B, C, or D.

Table 4 is then consulted to get output and response time. The protocol is illustrated by the
following example.

Table 4. Probable Cook-Off Reactions for the Instances Determined in Figs. § and 9.

Source Indirect Direct
Facked Yes Nc No
Missile Yes Yes No Yes | No Yes No
of package
with lhcm\. a 1 2 A B 3 4 c o
protection
Missile .
' \nassembled stef7 s{ef7 s|ef? s 7
.
Missile - -
assembled 3179-[10 3'9! 10 3]‘)1 10 ;[‘:[1”
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' response ime
[ H
] §E
. Eapeciad No rexction or Partial  § Miid Partiat Mild 10 §' -g Partial g _§' Partial
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EXAMPLE

A fire is reported in a relatively isolated store house. In the store house rocket motors are stacked
in standard transport packaging. The contents of 4 587 liter drum of a highly volatile cleaning fluid
have been spread out over the floor and are buming. Because an inspection tcam recently checked the
rocket motors in the store house, onc of the motors is still out of its packaging.

Based on these facts one has to answer the question, if it is advisable to send in a fire fightung
teamn and, if so, what precautions one should take.

Following the flow chart onc has to decide if the heat source is working directly or indirectly.

i Since in the example a flame engulfient is present, one has a direct heating source. Furthermore the
- presence of one unpackaged rocket motor leads to box C or ). Because consultation of the first charnt
! led 10 a box with a letter, one has to continue with the second flow chart.

Since no warhead has been fixed on the motor and the motor has a full metal casing without
pressure vents, the result is either C6 or D6,
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By applying the results 10 the table one finds that the possible maximum affect is a violent pressure
development which will occur within 1-2 minutes after the flames have reached the unpackaged rocke!
motar, If only packaged rocket motors were present, it would take about half an hour for a violent
response to oceur.

4.3. FRAGMENT IMPACT THREAT

Figure 10 presents in carwon form the fragment impact situation to be considered. The first frame
shows the fragment (here taken as a blunt nosed, 5 gm fragment traveling at 1500 m/s) just impacting
a.318 cm thick steel case backed by propeliant. Within microseconds of the moment of impact a
shock wave races through the case and into the propellant as shown in the second frame. During the
time between the second and thind frame, the propellant will most likely react 10 the shock
ransitioning 1o a detonation, or not. If the propellant does not transit to a detonation (no shock to
detonation transition), we still must consider the effects of dimage and the penctration miechuanics of
the fragment into the case, as shown in the third frame. Here the fragment breaches the wall. pushing
gebris ahead and compressing the propetlant, with damage to the propetlant. The fourth frame shows
the hot projectile and debris at rest in the propellant. This is obvicusly one possibility, but the
fragment also could have exited the motor. that is, gone in one side, through the propellant, and out
the other side.

MOMENT Of IMPACT .t =0

VEL = 1500 nvs MASS = 5 gm
WALL  318cm

SHOCK PHASE,t = 0-5 1S
SHOCK WAVE PROPAGATES
THROUGH CASE INTO PROPELLANT
(POSSIBLY CAUSING DAMAGE TO
PROPELLANT)

DAMAGE PHASE, t = 5-50 uS
PENETRATING IMPACT DEBRIS
OEFORMS AND DAMAGES PROPELLANT

REST PHASE.t = 50-7 HS
HEAT FROM STOPPED PROJECTILE AND
DEBRIS CONDUCTED INTO PROPELLANT

Fig. 10. Fragment Impact Phases Relating to Cased Propellant.

4.3.1. Phase |, Fragment Impact Hazard Analysis Protogol

These various phenomena are addressed in the protacol depicted in Fig. 11

FRAGMENT
MASS
SIZE/SHAPE
VELOCITY
el 4>dg PePoof, 1 web XD)\:EbTomT
2 [ S : 1o
GV Qo R P VS P 7 1 L Xp B NUIKELY
UNDAMAGED
PROPELLANT
I d«<dqy lP<Pg° $x0<web
BALLISTIC ot DETONATION EXTREMELY
LIMIT OF MAY OCCUR PROBABLE
CASE
p——l- SEE FIGURE 13

Fig. 11. Hazard Analysis Flowchart for Fragment limpact,
Procnipt Shock to Detonation Transiton.
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Starting with a fragment (we do consider multiple fragments below) of specific mass, size and
shape, and velocity impacting the ordnance iwem (this is the first fragment and the ordnance item
contains undamaged energetic material). the first consideration is the characteristic size of the fragment
(d) compared with the critical diarneter (dep) of the energetic material.

Critical diameter is the smallest diameter of a cylindrical bare charge that will sustain a steady-state
detonation, This consideration tells you whether you can shock a sufficient area to cause and sustain
detonation. While this is usually not a design consideration for high explosives since most high
explosives have small critical diameter, itis an imponant design consideration for solid propellant
rocket motors. This is especially true for high performance minimum smoke propellants and high
performance high bum rate propellants. Not only do high explosives usually have smaller criticai
diameters for the bare charge they are usually heavily confined in bombs or warheads. The effect of
confingnient is to reduce the effective crideal dianweter. In contrast. the confinement offered by mator
cases is much less, but must also be considered.

Many propellants have critical diameters of several tens of centimeters, and are loaded in motors of
12-.20-. and 33-centimeters diamneter. The likelihood of being able to shock enough area 1o cause
detonation of these propeilants is very remote. While they may react violently, they will not detonate.
In recent years, in order to achieve higher performance or reduced plume signature, increased amounts
of nitramines and encrgetic binder have been considered for propellants. Smaller critical diameters
tless than 2 cm in some cases) resuit from the use of nirramines and energetic binders. and now
comparison of the fragment size to the critical diameter must be made. If the fra:ment is as Jarge as or
larger than the critical diameter, then other issues need to be considered. Two- and three-dimensional
effects are obviously important and must be considered. For the sake of simplicity in providing an
example of the protocol, these important considerations are not discussed here.

The critical diameter, while 2 convenient way to discuss detonability of cylindrical charges, has
limitations when uying 10 determine the detonability of propellant grains, especially when they have a
center perforation. When a solid cylindrical charge of less than critical diameter is overboosted. the
detonation "dies out” afier some length (although for some ammonium perchiorate based propellants it
may take lengths of several diameters for the detonation to dic cut). However, when the same test is
performed with a similar cylinder having an axial perforation, the entire sample may detonate. A
discussion of possible causcs is contained in Annex I1.

These effects, and others, are more fully discussed in Section 5.5.

We next consider what pressure is imparted to the energeric material as a result of the impact and
transmission through the case, liner, and insulator (p). This pressure and its associated time must be
compared to the minimum pressure-time required 1o actonate the energetic material (p;). If the
stimulus pressure is over this threshold pressure (labeled as Pgo, pressure required 1o produce a "go”
in undamaged material), then detonation is obviously possibie and one more consideration is required.
If the pressure is not sufficient o cause prompt detonation, the propellant grain may be significantly
damaged and ignited 2ad a deflagration to detonation (DDT) reaction may occur (see Section 5.5.2).

For the given stimulus pressure, the run distance to detonation (Xp) needs to be known and
compared to the energetic maierial dimensions (for example propellant web thickness). If the run
distance is less than the dimension of the energetic material, then a detonation is very likely.

Often in the past the response of undamaged energetic material 1o a given shock input that roughly
corresponded to some threat was the extent of consideration; however, work with damaged energetic
matenals indicates that the above considerations are not adequate. Work with pressed explosive
charges indicates that the more porous the explosive, the more sensitive it is (Fig. 12).

Recent work on the effects of damage on shock sensitivity of propellants showed that damage of !
to 4% voids can have a very significant effect on sensitivity, in some cases decreasing the crincal ini-
tiating pressure by 40% and decreasing the critical diameter by a factor of 25, The sirain levels and
strain rates required to produce this damage were modest, in some cases being the strain level and
strain rate that the propellant would experience on motor pressurization during ignition. Storage and/o
rough handling can also produce voids in the propeliant, also increasing its sensitivity (see also A-lID.

Because of the critical effect of damage and/or porosity on the initiating pressure required, and
since in a sympathetic detonation scenario multiple fragment impacts (both simultancous and sequen-
tial) are highly probable, the flow chart of Fig. 11 must also be considered in terms of damaged ener-
getic materials. Shock-to-detonation transition (SDT) with decreased critical initatng pressure and
decreased critical diameter may result from shocking damaged propellant. (For example, a propeliant
when tested in the NOL card gap test in the undamaged state gave 70 U.S. cards (cquivalent to
17.8 mm) or iess, while the propeliant with 1% voids gave greater than 70 cards, in the cand gap est.
Another propellant in its undanuged staie had a critical diameter estimaed w0 be over 1 m. Y& with
about 1-4% damage, it "wem"” in the card gap tes, indicating a critical diameter for the damaged
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material o be less than 38 nyn.) The above considerations arc all part of the shock-to-detonation
transition (SDT) technical area (discussed in Chaprer 5).
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Fig. 12. Large-Scale Gap Tesi Gap Pressure for Pressed Charges of
Organic Explosives (Naval Surface Weapons Center MP-81-399, 1981).

Anciher possibility feading to detonation involving highly damaged propetlant would be that the
subsequent fragment ignited the damaged energetic matenal and a deflagration-to-detonation transition
(DDT) ensued. Yet another possibility is that ignition of the damaged energetic propeilant may result
in a pressure burst of the case that hurls chunks of energetic matenal into bulk heads or other
structures and results in a delayed shock-to-detonation transition (XDT) (thought to be the cause in at
least two incidents involving propeliant detonation during testing of propulsion systems). Becaus of
the increased sensitivity and increased opportunities for detonation, testing of damaged energetic
materials must be done, as well as testing of the undamaged materials.

The type and extent of damage (Chapter 5.4.13), and its effect on 8T, is an importany
consideration.

In another path (in Fig. 11, the path indicated stanting with "ballisti Iimit of case”) leading 10
extremely violent reaction (and to detonation in some cases), the size of the fragments is Jess than the
critical diameter of the energetic matenial so that prompt shock-to-desonation ransition of the impacied
round is unlikely. Penctration mechanics, ignition, and venting must be considered to estimate
whether an explosion might occur. If the mass and velocity of the fragment exceeds the ballistic limit
of the case, the next question is, by how much? The ballistic limit of the case is the velocity of a given
fragment that will result in penetration of the case.

If the velocity greatly excends the ballistic limit of the case, the fragment may completely pass
through the ordnance item and not deposit enough energy to cause reaction. Whether ar pot ignition
occurs for those instances where the fragment passes enurely through the motor depends largely
(though not catirely) on the propellant. Many ammonium perchlorate based propellants will ignite
whik: many of the nitramine based propellants will not. However, if the fragment does not exir the
ordnance device, the fragment may have (1) lodged in the energetic material, or (2} barely exceeded
the ballistic hinit, contacting the energetic matenal but blocking the hole {no wenq). In any instance,
the critival copvideration is whether or not the energetic maierial ignites. 1f U rmaterial ignises, the
next question is whether the gaseous reaction products vent fast enough to avoid an explosion. This

involves consideration of the burning rate, r, burning ares, Ap. and resuiting pressurization rate, p,
coupled with consigerations of the confinement. If not vented fast enough, explosion of the round
will probably result. This explosion could, in tum, accelerate large pieces of case that might be of
sufficient size and velocity to cause detoration in adjacent rounds, of accelerating pieces of propellant
that upon impacting result in XDT. The various questions in this path are shown in Fig. 13. (NOTE:
If in a test there is 1o apparent ignition, investigators need to wait 3 while before running outto
examing the hardware. Violent explosions have occurred in wns of minutes of apparently no reaction

afier imnact 1
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Fig. 13, Hazard Analysis Flowchart for Fragment Impact, Violent Explosion.

From the above (very cursory and simplified} discussion, a list of parameters thut need o be
known can be assembled. These include:

+ critical diameter of energetic material for damaged

» critical initiating pressure of energetic materials } and undamaged
+  pressure, run distance, tine relationships samples

»  ballistic limit of case

+ mechanical response of case, and confinement offered by case

+ ignitability of propellant

+  bumn rate characteristics of propelant

high strain rate mechanical behavior of propellant as it determines:

+  damage

+  area available for burning

+  thermochemistry and energetics as they determine pressure sise rate in DDT and explosion
(inciudes equations of statej

It must be noted that the above is a simplified presenation. Each of the boxes in the tlow chit
embaodies many separate research programs. Space precludes a detailed listing.

1.3.2. Phase 2. Fragmentimpact - Hazard Map

Figure 14, a plot of fragment mass and fragment velocity (these parameters along with size/shape
were the input 1o the Hazard Analysis Flowchart of Figs. 11, 13), presents several lines representing
information identified as necessary in the test prorocol. This plot is a generlized depiction. The
subsequent chapter describes how the exact location of the lines are determined. 1n order of time
sequence, the first consideration of the fragment hitting the motor was the formation of a shock wine,
und whether the shock wave has sufficient strength, area, and duration 10 cause a detonation. This i

epicted by the area on the upper right hand of the map. Combinations of mass and velocity 10 the
right of the line, result in detonation, The extent of this region is ameliorated by critical diameter
considerations.

If the shock wave does not cause detonation, the pext consideration is the penewration of the
fragment into the motor. Obviously there are some low value combinations of fragment mass and
velocity, where nothing happens. The frugment does not penetrate the case and causes no reaction.
For some combinations of mass and velocity there is sufficient energy 1o penetrate the case. This
ballistic limit is shown on the plot as the "B.L." curve.

Another line on the plot is the ignition line. There are several possibilitics. The simplest is thut the
fragment pierces the case and comes to rest in the propellant. In the map, there may be separation
between the ballistic limit line and ignition line reflecting that 4 projectile may get through the Case but
not have sufficient thermal energy to cause ignition (this may oCcur with composite motor cases and/or
hard 1o ignite propellants and/or at low temperatures). In some rare instances, investigators {Sewell,
1952 have found the ignition line to the left of the ballistic limit line. In these cases, the fragment did
not picrce the case, but didd enough work in deforming the case or producing spall that the energetic




material ignited. This has been observed with steel cover plate bonded to a CDB propellant. This
seems (G be more of an issue with heavy wall cases, such as in a warhead or borsb.

LINESAREAS CHANGE
WiTH

® CASE

& PROPELLANT

¢ TEMPERATURE

¢ DAMAGE

PROJECTILE
MASS

PROJECTILE VELOCITY
Fig. 14. Generalized Hazard Maps for Fragment Impact.

Once the propellant is ignited, if the gases produced by burning cannot be vented fast enough (by
nozzle, entry hale, vent, or pressure burst), an explosion is very likely. This is the shaded area of the
plot. If the vent area is large cnough - to the right of the “vent” line, then the propellant will burn but
not cause an explosion. In many instances, especially with hard to ignite propellants, the fragment
passes completely through the motor and no reaction or a mild bum occurs. Thus, to the right of the
vent line and/or the line marked "2 B,L.", a region of a0 reaction or mild reaction may be
encountered. {Note: A burn and/or propulsion reaction is acceptable according to U.S. “Insensitive
Munitions™ goals since it is milder than explosion or detonation. }

The location of these lines, and their position relative to other lines is a function of the motor case,
the propellant, the temperature, degree of damage of the propellant and many other factors.

The next chapter will more fully discuss how these parameters are obiained.

4.4, BULLET IMPACT

Bulletr impact is very similar to fragment impact in both the hazard protocol and hazard map,
although some investigators believe that the primary bullet impact hazard response is explosion - the
bullet ignites the propellant but does not provide sufficient vent or buming - not detonation. Increased
number of investigators have results where detonation resulied from impact of a bullet (kinetic energy
only not a bullet having an explosive charge). In the case of bullets having an explosive charge - e.gr..
23 mm HEI - a detonation can be obained. Obviously the shape of a bullet must also be considered: it
is casier for a bullet to penetrate the motor case (and perhaps translate through the propellant and ous
the other side) than a "chunky” fragment of equal muss and equal velocity.

Variation of response can be caused by deviation in path from the straight path. Response may be
worst for fragments over ballet for equivalent mass and velocity.

4.5. SYMPATHET]C DETONATION

Much of what has been presented so far leads to consideration of mass reaction or sympathetic
deconation of munitions. Up to this point this AGARDograph has presented various possible
reactions and output levels of a single motor or munition responding to stimuli. However severe the
detonation of one munition, it is not the major concern. Ow major concern is whether that detonation
can cause propagation of detonation to adjacent stores. Those adjacent stores can be on the launch
platform (tank, ship, aircrufl), in some transportation configuration (rail cary, trucks), in storage
magazines or in the manufacturing areas.



Unfortunately, while massed reaction (with sympathetic detonation as the most severe mass reac-
tion) is what we try to prevent or mitigate, we have little understanding of the area. Some calculations
and experiments have heen made for propagation of detonation from one base chirge 1o unother as u
function of distanice between the charges, and collocated, heavily confined explosive charges with
charge separation, case thickness, and various barrier materials (Howe et al, 1981). These calcula-
tions help us understand propagation, but it is hard 10 extrapolate these results to multiple pallet loads
of munitions, or to a magazine full of a mixture of munitions (see for example Howe, 1987; Swisdak
et ul, 1987, Dyer et al, 1985; Parsons et al, 1988; Lucht and Hantel, 1988; and Moore, 1988).

The reason that we don't have encompassing and coraprehensive treaunent of sympathetiz detona-
tion is that the area is very complex with complicated geometric and time conciderations. The inilinl
donor event can result from shock 1o detonation transinon, deflagration to detonaticon transition, XDV,
cook-off, or explosion, as presented in the earlier sections. Each of these areas 1s complicated in
iself Thus wz must be concerned with the propagation intg a complex situation from an event that i<
complicated. This can be seen in the following example.

Example. A fire stans in one area of a munition storage area. The fire can cause severnl reactions
(c.g. inadvertent ignition of a niotor, cook-off of a motor, cook-off of a warhead, eic.). Each of these
possible reactions can cause other subsequent reactions. In this example, let us consider the ignition
and propulsion aspect. If the motor ignites and the munition goes propulsive, again several possibiii-
ties can occur (e g, ithits nothing, it hits other munitions, it bits & bulkhead or some other obstrictios
and perhaps undergoes an SDT or XDT reaction, eic.). Apain, each of these possibilities can cause
other subsequent rewctions. In this example, let us consider that the missile hits other missiles. Again
several possibilitics arise (e.g. the impact causes prompt initiation of detonation of the impacted muni-
tion, the impact does not cause detonation but breaks up and/or ignites the energetic fill in the muni-
tion, the impact does not cause detonation but ignites the propellant causing this impacied missile w go
propulsive, etc.). Again each of these possibilities can cuuse other subsequent reactions. Let us take
the case where the impact did not cause prompt detonation but broke up the propellant or explosive
and ignited it with several possibilities (bum, explosion, deflagration-to-detonation transition). Ax
before, each of these reactions can have several subsequent reactions and the process can continue in
several paths, many that can lead to sympathetic detonation.

The above wis just one situation with a multiplicity of possible puths und reactions. Many other
initial situations exist (v.g. ruther than a fire. the initial situation may have been detonation of eneiny
warbead, cxplmion of one of your own warhcads, electrostatic discharge causing inadvertent ignitive.
et.), and for each of these situations many possible paths and reactions also exist.

The many initial starting situations, and vast multitudes of subsequent paths and reactions muke
any vonsideration of sympathetic detonation very complicated. The complexity is further compoundad
because of the individual probabilities associated with branching of the paths, and with each reactior.
In part becausc of this complexity of myriad paths, reactions, and probubilities, consideration of sym
pathetic detonation often centers on defining the maximum credible event and then applying quantity-
distance considerations.

For any given scenario in which an explosive event might occur, it is important o know whut the
worst possible event could be so that proper protection, preventive measures, and precautions can be
involved to either prevent tre occurrence or lessen the magnitude of its effects. The term used to
express this worst case is Meximum Credible Event (MCE), The U.S. Department of Defense
Explosives Safety Board defines MCE by "In hazards evaluation, the MCE from a hypothesized acdi-
dental explosion, fire or agent release is the worst single event that is likely ¢ occur fromaa given
yuantity and ooTasition of ammanition and explosives. The event must be realistic with a reasonable
probubility of occurrence considering the explosion propagation, burning rate characieristics, and
physical protection given the items involved. The MCE evaiuated on these bases muy then be used us
basis for effects caleulations and casvalty predictions."

Within the U.S. the various military scervices have concerns regarding sympathetic detonations o
munitions and consequently each has performed large scale tests to determine the MCE of various
storage awrangements of various munitions. When the explosion effects exceed the tolerable Linits for
a service's operanonal or logistic scenario, tests have been conducted on technigues o reduce the
MCE to an event, the explosive effects of which are tolerable. A more thorough discussion of MCE
presented in Swisdak etal, NATO AC/210 CP-001, March 1987.

The definition of MCE talks of "quantity and disposition.” Disposition considerations include
both arrangement of items in the immediute locale (e.g. a number of munitions ot a pallet, or on
several contiguous puallets) and the separation between such jocations. The number of itemis and their
explosive weights in each locale are the quantity and the sepuration between such locations, such thut a
detonation will not propagate between locations, 1s the "distance” in “quantity-distance”
considerations.
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Probably the first systematic experimentation on determining quantity-distance relationships was
vitrried oui by Burlot (1930). Jarrett (1968) presented an excellent discussion of the extension of
Burlot's work and the derivation of the British explosives safety distances, while in the same publica-
tion Roylance (1968) presented the quantity-distance protection considerations for the U.S. (as well as
presenting some historical background). Since those anticles were written, progress has obviously
been made but these articles still provide well written backgrounds as well as empirical relationships
(albeit, somewhat dated).

in order to standardize considerations and te use the vast amount of data on which the older
quantity-distance tables are based, the explosive weight is often reduced to 2 "TNT equivalenca.” The
TNT equivalency of a particular energetic material is the weight of TNT tusually expressed as 1 per-
vent of the total energetic material weight) required to produce a shock wave of equal magnitude w© that
produced by a unit weight of the energetic material. [NOTE: There are several TNT equivaler ts for
given material depending on whether the equivalency is based on peak overpressure. positive iipulse,
time of arrival, ete. The equivaleney also varies as a function of the distance from the charge. These
considerations are beyond the scope of this volume.]

As an examplke of TNT equivalence consider a magazine containing 20 missiles, with each missile
huving a 20 kilograms warhead with 1209 TNT equivalence and & 100 kilogram motor with $0%
TNT equivalence. If a simuliancous detonation should oceur the net explosive quantity (NEQ) is

20 warheads x 20kg x 120 = 480kg
20 mators x 100 kg x 40 = 1
NEQ = 1280 kg TNT

With this explosive quantity the esumates of damage, vulnerability, and quantity/distance rauos can te
detenmined.

The above discussion is obviously very simplified buta full discussion of this complicated symp:i-
thetic detonation event is beyond the scope of this AGARDograph. More detailed discussions can be
found in the minutes of the various Explosive Safety Seminars spansored by the U.S. Depaniment of
Defense Explosive Safety Board (Chick and Busselt, 1987).

The ESD hazard analysis tlowchan (Fig. 15) provides a frumework of guestions and criteria
which can be used to assess the response of a weapon systermn 10 Electrostatic discharge. Basically.
the protocol is divided into three parts: (1) charge generation and accumulation; (2) propellant know -
cdge; and (3) mechanism of energy dissipation or discharge. The assessment proceeds through o
series of logical questions and where appropriate, limiting conditions are defined. The statements
marked (*) indicate the need for quantitative data. The basic premise is the comparison of the maxi-
mum available parameters, for any conditions, with the minimum igninon of the most sensitive or
vulnerable system component. Thus, there is 2 need to give consideration und 10 make measurements
over the range of parameters and conditions that will be relevant during the servive life of the weapou.

In Fig. 15, the first question one asks to assess the ESD hazard of a rocket motor is: what is the
cuse material. If the outer case is conductive, no further action is requised. However, if these condi-
tions are not satisfied then it is necessary to proceed further through the protocol.

Energy can be generated directy on the surface of a weapon system, or on other sources, such as
persunnel or packaging material that are anticipated to be in the vicinity of the system. The volume
resistivity of the case material should not exceed 108 -m. under all conditions of ternperature and
humidity that may be encountered; similar criteria apply to other, adjacent articles. If this condition ix
not fulfilled then it is necessary to measure the rate of energy accimulation, which implicitly involves
the relative permittiviry, and finally 10 determine the levels of maximum energy (ME) and muximum
voltage (Vmax), again under service conditions. Specific values of the maximuim energy and
maximum voltage that a propellant can hold is a funciion of propellant composition and is
experimentally determined.

The second part of the protocol is concerned with the electrical and ignition properties of energetic
materials and components in the weapon systemi. There is sufficient evidence to conclude that solid
propeliants which contain any metal particles, aluminum and magnesivm, and powerful oxidizing
agents such as ammonivm perchlorate and teflon (FTFE) are particularly sensitive to igniton by elec-
rical energy, and any system that contains any such materials must be regarded with suspicion.
Energy deposition in the bulk of an energetic nmaterial, and consequent mechanical damage or thermo-
chemical effects leading to ignition are the result of cither high initial elecirival vurrent flow or dielec-
tric breakdown followed by current flow.
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Measured values of the resistivity of the energetic material provide an indication of charge mobility
through it, and calculation, from composition parameters, of the Percolation coefficient provides an
estimate of the ease of breakdown and current flow. The percolation cocfficient is defined as follows:

3
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where
n = density of nonconducting particles
Pc = density of conducting particles
wi%C = weight percent of conducting particles
wit%nf = weight percent of finest fraction of nonconduzting pusticles
dns = diameter of finest fraction of nonconducting particles
deg = diameter of finest fraction of conducting particles
Ph = density of binder
wi%b = weight percent of binder
wt%en = weight percent of all nonconducting particles
volC = volume percent of conducting particles
vol%nf = volume percent of finest fraction of nonconducting purticles
vol%b = volume percent of binder
b = volume resistivity of the binderin Q-m

It was found by experiment that if Pimy was greater than 1010Q-m (py), the propellant was
considered potentially hazardous 1o ESD. In the final part, to supplement these data, measurement of
dielectric breakdown strength (E¢) can provide an assessment of the significance of the measured
maximum voltage (Vmax). or potendal difference across the material. It should be noted that the
critical electric field strength for breakdown, and duration of the field, which may be intensified by the
presence of points or sharp tdges, appear to have an inverse relationship.

Measured values of minimum spark ignition energy for the encryetic material content of a sy<iem
can be an important indicator of the response of the weapon. Most compuositions exhibitan
enhancement of sensiuveness with changes in a variety of parameters; tempe.uture, sample size, prior
exposure to electric field, pressure, duration of discharge, humidity und repeated discharge are all
known to significantly reduce the quantity of energy necessary for ignition, and these effects require
assessment as part of any characterization exercise.

Finaily, if the Minimum Ignition Energy (MIE) for a component material is less than the Maximum
Available Energy (MAE), and if maximum voltage levels (Vmax) will cause the breakdown ficld
strength (E) 1o be exceeded, then the hazard of an ignition exists. In addition, although the need for
appropriate precautions is well understood, the hazard from ESD 10 firing circuits must not be
overlooked.

To conclude, for any component or system that contin..” energetic material, primary and secondaery
expiosive, pyrotechnics and propellants, there is a potential igninsn risk from electrostatic energy.
The above scheme is intended to provide a logical basis for the assessmc of this risk, to allow
adequate safety measures to be adopted.

4.7. SHAPED CHARGE JET IMPACT

Shaped charge jets represent a formidable threat to munitions due to the very high velocity, high
density focused jets impacting the munitions. It i< imponant 1o understand and be uble 1o predict the
response of an energetic filling to a shaped charge jet with a view w controlling the event. Hazard
analysis fiowcharts have een developed by M. Chick, R. Frey, H. James und other for the sttuatinn.
of shaped charge jets impacting (1) buare or thinly covered energetic materials and (2) thick covered
energetiv materials. These hazard analysis flowcharts are presented in Figs. 16 and 17 respectively.

4.7.1. Bare or Thinly Covered Engrgetic Material

This area is concerned with responses associated with shock from the jet impact directly upon the
surface of the energetic material or upon a thinly covered energetic material. Cover thicknesses are
limited to a few jet diameters due 1o rarefactions rapidly eroding the small dinmeter, very high pressure
shock. Generally the critical jet velocities are on the order of 50% lower than the covered energetic
material category, Under some simations where the jet diameter is much smaller than the eritical deto-
nation diameter of the energetic materials this mechanism can fail to produce detonation "on contact,”
but jet penetration into the explosive can subsequently produce detonation by the processes described
by the covered energetic matcnal category. If there is confinement in this category it is generally light.
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The hazard analysis flowchan for this category of shaped charge jet attack is shown in Fig. 16.
Given a jet of given velocity, diameter, and density, the first comparison is the diameter of the sample
D versus the critical detonation diameter, dey (see Section 5.7). If the sample diameter is less than the
critical diameter, a deflagration or minor reaction is likely to ensue, However, if the sample diameter
is larger than the critical diameter a detonation may ensue and other considerations must be made.

The next comparison is the crisical diameter versus the jet diameter. If the critical diameter is very
much larger than the jet diameter then again deflagration or minor reaction are the most likely
possibilities. If the critical diameter is larger than the jet diameter, detonation does not occur
immediately, but may result with jet penetration as mentioned above and is treated using the heavily
covered flow analysis of Fig. 17.

If the critical diameter is Jess than the jet diameter, or if the critical diameter is only moderately
larger than the jet diameter then prompt detonation may ensue and the comparison of pressure
imparted by the jet must be made with the critical pressure pulse required for initiation. If the pressure
is sufficient a detonation will probably result, If the pressure is insufficient the effect of the thin
confinerment (if presenl), may determine whether the reaction is relatively minor, or if a deflagration 1o
detonation transition might occur.

The hazard analysis protocol present in Fig. 16 for shaped charge jet attack on bare or thinly
covered energetic material is very similar in considerations as that presented earlier for fragment
impact (see Sec don 4.6). Thus, the parameters measured 1o determine the likelihood of detonation
reaction to fragment impact may also be used to predict detonation due to shaped charge impingement.

4.7.2. Heavily Covered Energetic Material

This classification deals with the initiation and failure processes associated with the jet penetration
through the cover material, air gap (if present) and into the energetic material, Generally jet velocities
for the detonation threshold in this area are much higher than those required for the bare/thinly covered
energetic material category. Two mechanisms appear to be involved: initiation from the bow wave
shock from supersonic jet penetration of the energetic material and subsonic penctration for larger
diameter jets. Critical run to detonation distances can be several centimeters or greater, This system
has significant confinement which can effect both the critical jet velocity for detonation and the degree
of violence of the nondetonative reaction.

The hazard analysis flowchart for this category is presented in Fig. 17. The first consideration is
identical to that of Fig. 16 and is concemed with the diameter of the sample and its corresponding
critical diameter. If the sample is larger than its critical diameter then a detonation way ensue.

The next consideration is whether or not an air gap is present between the heavy cover material
and the energetic material, If a gap is present then the problem can be treated similarly to the bare or
thinly covered energetic material and the flowchart of Fig. 16 used.

If an air gap is not present then the result of the jet penetration bow wave must be made. The first
consideration is the pressure produced from the bow wave compared to the critical pressure pulse
required for detonation.

If the pressure is less than that required for detonation, the effect of confinement must be
considered, and a confinement modified critical pressure pulse p’ considered. If the pressure from the
jetis not greater than this confinement modified threshold pressure then detlagration will resnlt with
cither low order or deflagration to detonation reactions following.

If the confinement modified threshold is less than the pressure from the bow wave then detonation
may ensue, as it might if the pressure had been higher than the critical pressure pulse (the P > P; (dj.
pj) path). The nexi consideration is to compare the sample diameter versus the run distance to
cf::tonation (D vs x). If the sample diameter is less than the run distance, then deflagration is likely. If
the sample is larger than the run distance then detonation is very likely.

The previous discussion is for the consideration of bow wave produced by supersonic jets. We
earlier mentioned the subsonic penetration of large diameter jets. Going back to the P vs P; (dj, pj)
block, and the large d; path coming from that block, the next consideration is the comparison of the jet
penetration velocity with the bulk sound speed. If the jet penctration velocity is greater than the critical
velocity then detonation is likely, if less then deflagration is likely.

From the hazard analysis flowchart of Fig. 17 several considerations must be made o determine

whether the response is low order, deflagration ta detonation, or prompt detonation. Chapter 57
discusses the methods used to obtain the data required in these considerations.
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CHAPTER 5. HAZARD RESPONSE TECHNICAL AREAS

Chapier 4 presented the system hazards, what types of technical data are required 1o address the
hazards (the various hazard analysis protocols), and how these data are used in the hazard assessment.
This chapter presents a more technical view of the experimental techniques used to obtain these data,
and what analytical methods are required to use the data. This chapler does not contain a complete
description of all methods, rather illustrative examples are given. A more detailed discussion can be
found in NATO Allied Ondnance Publication 7 (1982). This chapter covers thermal explosion, slow
cook-off, fast cook-off, ignition and deflagration, detonations (including shock to detonation (SDT),
deflagration to detonation (DDT), delayed detonation (XDT), and low velocity detonation) as well as
the role of darnage, penetration mechanics and ballistic limits, and electrostatic discharge.

5.1. THERMAL EXPLOSION

‘The contributions of the Soviets to the thermal explosion theory are most important. An excellent
review is given by two Soviet scientists, A. G. Merzhanov and V. G. Abramav (1981). We shall
follow this review closely.

The simplest mode! of thermal explosion assumes that:
+ radiation can be neglected;

+  asingle tempensture-dependent reaction proceeds in the reactant, its rate being independent of
the reactant concentration (a zero-order reaction);

+ the temperature is uniform throughout the reactant;

+ all the parameters of the process (ambient temperature, shape and size of the specimen, heat
exchange with surroundings, etc.* remain constant tiil the explosion occurs.

The heat balance under these conditions is described by the equation:

ERT ‘i\f»(r»Tn) (5.1)

dT
CP—= k
P = Qrke
where T is the reactant temperature; t is time; ¢, r are heat capacity and deasity of the reactant; Q, ko
and E denote heat of reaction, pre-exponential factor and activation energy of the reaction,
respectively; a is the heat transfer coefficient; S is the heat transfer surface: V is the reactant volume:
To is ambient temperature.

The left-hand side of Eq. (5.1) gives the rate of the heat accumulation in the reactant; the first
member of the right-hand side is the rate of heat generation due to reaction, the last member is the rate
of heat loss to the surroundings. The principal feature of Eg. (5.1) which determines the characteristic
properties of the phenomena is the very strong exponential dependence of the heat generation rate on
temperature.

Semenov (1928) was the first to mathematically analyze the heat balance equation and to lay the
foundaton of the thermal explosion theory. He compared the dependences of heut generation and heat

loss rates on temperature in the T diagram {with q = dg/dt and t = time) (see Fig. 18) which is
often called the Semenov diagram and showed the regimes cf the reaction that were thenmally
possible:

the heat generation curve ey = Q + p » koe'E/RT intersects the heat loss straight line

Grem = aS/V(T - Tg) in the region of low temperatures {curve 1, Fig. 18} at thesz cenditions.
The reactant will always be maintained at the temperature which corresponrds to the lower point
of intersection (T in Fig. 18). This temperature is close to the ambient wmperature To. To
realize a similar regime, the differcnce of the initial reactant temperature from Tg shouid not be
great (the initial temperature must not be higher than T; corresponding to the second
intersection point);

- the heat generation curve does not intersect the straight line of heat loss in the low temperature
region (straight line 3). The superiority of heat generation rate over that of heat loss results in
progressive self-heating of the reactant to very high temperatures, and thermal explosion
OCCUrs.
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The critical condition for thermal explosion is the tangency between the heat generation curve and the

heat loss straight line (straight line 2). The rates qrel and Qrem and their derivatives are equal in the
tangency point T,. Hence it follows that

eV

-FJRT.:
al ¢

(To-Tg (5.1a)

Fig. 18. q-T Diagram of Semenov, 1924,

From the equations of both heat rates and the denvatives of the heat rites at wemperature T fullows
ihat

Te-To=-

The group RT. for explosives and propellants 1s usualy much less than the activation encrgy 1L

Hence
. RTG
1‘.:101_? (8.2
Q-p-V E ERT, 1
= . :-k(p ':--c— 5
as RT; 5.3

Expression (5.2) gives the regctants maximum temperature in the nonexplosive regime. The
expression shows that it differs from the ambient temperawure by

RT}

Ao~ — (5.4

which is the maximum pre-exniosive (or charactenstic) lemperature rise. The temperature rise for
explosives and propetlants is usually of the order of 10-20°C.

The wemperature-time history of the reactant as is seen from Eq. (5.1), is associated with the
difference between heat generation and heat loss rates. The smaller the amount of heat transferred to
the surroundings the faster is the rise of the reactant lemperature and th= shorter is the time o
explosion. Consider the case where heat losses are neghgibly small in comparison with hea
generation (adiabatic regime). This is the case when either heat loss is inhibited, e.g., by u lurge sive
of the body or by insulation, or temperatures are high and the heat loss rate with lincar dependence on
temperature becomes small as compared to the exponentially growing rate of heat generation.

Eg. (5.1} under adiabatic conditions {5 of the form:

dT ERT
Car = Qe ke
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‘The reactant temperature at the beginning of the induction period is not necessanly equal to the
ambient temperature. The initial condition for this equation can be written as:

=0, T=T;

Todes (1933) was the first to derive a solution for this equation as an exporential integral function,
Frank-Kamenetsky (1955} utilized the exponential ransformation:

1
-E/RT ERT ERT4T - Ty 5.5
g TRT _ o BRT,, JERTJT-Tg (5.5)

where Ty is the temiperature in the vicinity of which the transformation is
effected, and obtained an approximated expression for this solution:
2

o . RT; 1
T~ ri*"f:-”']“

1.9, Ezko(e'ﬁm)z
¢ RT

The exponential transformation here is performed in the vicinity of the imtial temperawre T, Asis
seen from this expression, a temperature mise to very high values under adinbatic conditions proveeds
during the approximated finite time:

2
o BRI ear,

Iy = ¢ == 0 .
“7 Q0 Fkg (5.6
This time is actually the induction period of thermal explosion under the adiabatic conditions_ or the

adiabatic induction.

5.1.2. Therma! Explosion and Heat Transter

Semenov's uniform spatial temperature distribution and Newtonian heat tansfer w ihe
surroundings are realized when heat transfer throughout the reactant 1s constderably feciitated as
cumpared to the heat loss to the surroundings. Similar conditions of heat wansfer cun be ensurad by -
small size of the specimen, good thermal conductivity of the reactant, its mixing and poor contact w
the heat transfer surface. Under other conditions, the heating is nonuniform and emperatire gradiests
appear. Thermal explosion with temperature gradients within the reactant was first treated by Frank-
Kamenetsky (1939).

To describe the process in this case, the equation of heat conduction with continuously distributed
heat sources due to chemical reaction is chosen instead of the heat balunce equation:

c'r-%?:Q-r-k(;:aﬂa(n)+divKgradT (5.1

where A is thermal conductivity. Frank-Kamenetsky. following Semenov, censidered the vase of'
zero-order model reaction with &(n) = 1. All the principal parameters are brought into o vomplex
designated Fk:

Fh= LI B g2y BT

= Sl e Y
2

4k RT: (5.5)

where d is a characteristic dimension of the sample: thickness of the slub or diameter of a cylindvr or &
sphere. Surface temperature was assumed constant (boundary conditions of the first type) (Lykov,
1967).

Anulysis of Eq. (5.8) reveals that if FX is less than a cenain critical Fkep, a steady temperature
profile with a maximum in the center sets in the reactant; thermal explosion occurs at Fk > Fkg,.
Hence, the critical condition for thermal explosion takes the fonn:

Q+r E 2 ERT, .
-+ atke C=Fk, (5.9)
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Fker and maximum pre-explosive temperature rise are related to the sample’s geometry. They arc
analytically found for infinite slabs and cylinders using exponential transformation Eq. (5.5). In the
case of a sphere the problem reduces to ibulated functions (Frank-Kamenetsky, 1955). The values
of Fker and AT+ for these geometries are listed in Table 5.

Table 5. Effect of Sample Geometry on Critical Conditions.

Geometry Fker ATs o F./RT:‘,

Slab (.88 1.2
Cylinder 2.00 1.37
Sphere 3.32 1.6

8.1.3 Effect of the Initial Reactant Temperature. Trapsition to Ignition. 1ot Spot Thermal
Explosion

In case of cook-off in, e.g, a fire, the ambient temperature Tg is higher than the initial temperature
of the explosive material Ti. At T; < Tg, the process can be divided into two stages: that of the
reactant heating to Ty and that above To. With limited external heat transfer, the entire sample is
heated uniformly and necessarily passes over the state when its temperature is equal to that of the
surroundings. This circumstance enables the induction period reading from this moment; Tjpg then
becomes independent of the initial temperature. The time in which Tp is attained is called the time of
preheating. It depends on both Tp and T The overall time of explosion delay is found by adding the
time of preheating and the induction period. The study of temporal characteristics of the process with
uniform distribution of termperature is reported in Merzhanov and Grigoryev (1967),

Thermal explosion with limited internal heat transfer and the stage of heaung were first treated in
Zinn and Mader (1960). The sample heating in this case is non-uniform. Due 1o an exotherniic
reaction, the temperature rise maxima are generated close (o the surface. They increase with time and
travel towards the center (Merzhanov and others, 1963). The temperature maximum in a
nonexplosive regime is eventually established in the sample's center. In the case of explosion, 1wo
possibilities arise:

+  the lemperature maximum goes to the sample center where ignition starts, The preheating
stage in this case does not essentially affect the process behavior. The induction period of
thermal explosion is read from the moment the sumple's center is heated and i in good
agrecment with the induction period in the case Tj = Ty,

- the temperature maximum does not reach the center and ignition starts at the periphery. Of
caurse the overall time of ignition delay cannot then be divided into the time of preheating
and the induction period.

In the first case a thermal explosion occurs, whilke in the second a transient regime between thermal
explosion and ignition is realized. Hence, in both cases explosive behavior only occurs for a number
of combinations of parameters describing internal and external heat transfer.

Results of calculations of temperature distributions depending on external heat to internal heat
transfer (Biot number: Bi = « « d/A) and for certain values of Fk are shown in Figs. 19 through 21

1f only a part of the reactant is heated to 4 high emperatre, a hot spot thermal explosion is said 0

accur. The critical size of the hot spot of heating, following Merzhanov and others (1963) and
Merzhanov (1966) is written as:

# RT] | gx1[ [ E ° c
de=a\ et pme =T To) (3.10)
Q E ] RTi'

CoefTicients of a and b for various shapes of hot spot are given in Tabl: 6.
Table 6. Effect of Sample Geometry on Cntical Conditions.

Shape a b

Slab 1.63 0.65
Cylinder 2.72 0.42
Sphere 348 0,30
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The size of the sample in casc of a hot spot explosion as well as in case of ignition is not essential.
The induction period does not differ from that measured under adiabatic conditions by more thana
factor of two (Merzhanov and others, 1963) even in the immediate vicinity of a critical condition.

The hot spot thermal explosion is treated as a possible mechanism of explosion in the theory of
reactant sensitivity to mechanical action (Rideal and Robertson, 1948 and Bowden and Yoffe, 1952).

5.1.4. The "Safe” Diameter and the "Safe” Lifctime
As mentioned in the previous paragraph the safe diameter of an infinitely long cylindrical

propeliant charge is defined as the smallest diameter at which self-ignition takes place. According 0
the theory of Frank-Kamenetsky (1939), the following equation is valid for the safe diameter Dg:

[a5 R T

Pr= oEar, (5.11)

where the rate of heat generation q is a function of temperature according to
q = F(Q) exp (-E/RT) (5.12)
§ = dimensionless parameter, Frank-Kamenetsky (sec pg. 344, Frank-Kamenetsky, 1969)
propeilast grains

Hep i
11[-’!

Fig. 22. Schematic Temperature Distributions on Self-Heating of Propellant
in Vessels With Increasing Diameter, But at the Same Ambient Temperature.

A period of safe life can be assigned if the minimum safe diameter can be predicted for a storage
period ar ambient temperature. In order to establish the stability of a propellant for a storage period up
10 10 years, it is required to simulate experimentally the temperature profile which may occur during
such a perio. In accordance with the requirerment that ammunition has to withstand temperatures up
to 71°C the following temperature-time program for 10 years' storage period can be drafted for the
investigation of the self-ignition hazard:

10 years at 30°C (303°K) including a fortnight storage with the
following daily temperature profile
2 weeks storage with a daily temperature profik of
9 hours at 35 C (308 K)
5 hours at 50 C (323 K)
5 hours at 60 C (333 K)
Shoursat 71 C (344 K)

1n order to reduce the period of time for the experimental simulation o an acceptable standard test
pericd, during which sufficiently strong heat gencration signals are measured. isothermal heat
generation iests are performed at 85°C. It has been established by heat generation tests (Mzy and
Heemskerk, 1984), by determination of stabilizer content ('t Lam and Heemskerk, 1985) and by
chemiluminescence measuremnents (Mey and Heemskerk, 1985) that the degradation at this
emperature agrees v elf with the degradation effecis (for longer periods) at ambient temperatures,
When conducting an isothermal heat generation test at 85°C it can be calculated from Eq. (5.12) that
after an aging period of 1 week at 85°C the propellant reaches an aging stage comresponding to a
10 years' storage including the assurned 2 weeks temperature-time profile (Van Geel, 1971}

Since for practical reasons the heat generation is measured at a higher temperature (Tp) than the

expected siarage temperature, the critical diameter at the storage iemperature, Ty, can be calculated
using Egs. (5.11) and (5.12). From these it follows that:

2
45 AR T, {E
I)Ta: — X 5
Y ouEar, AR

INEE|
T, T,,,} (5.13)
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The heat generation. Ty, i$ not constant, but depends on various conditions including the degree
of decomposition. Therefore, the maximum heat generation observed in the isothermal heat
generation test (1ST) (see Section 5.1.5) during the experimental simulation period of 1 week at 85°C
is applied in the calculation of the safe diameter. This is the maximum diameter permitted during the
storage of the propellant for a period of 10 years at ambient temperature.

D= K 8¢k
Y AT e 5.14)

So:

where:

- .
4RT, [E[1 1
K—IJAE—*CXD\"K‘{-T.'-T:» (5.15)

As already mentioned before Ty = 358 K (85°C). The temperature T, corresponds to the list of
storage temperatures. If the value of the activation energy E is known, the value of K can be
calculated. As shown in Fig. 23, however, the value of K does not vary much for values of E
between 40 and 200 k)/mole and the minimuin of K will be 12.1. The use of this value implies that
the activation energy of the propellant need not be known and the safe diameter of the propeliant wiil
be:

D= 12 ta/ b4
safe = 4. PH{dg s max (3.1%)
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Fig. 23. K-Value as a Function of the Activation
Energy for Ty = 344 K and Ty = 358 K.

Results With Cellulgse Nitrate Propeliant

The heat generution as a function of tne of 10 different propellants {their chemical composition is
listed in Table 7) is given in Fig. 24.
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Fig. 24. Heat Generaied by 10 Different Propellants at
85°C Over a Period of 7 Days.



Table 7. Chemical and Physical Properties of the Nitrocellulose Propellants Included
the Investigations. (The chemical composition is given in percentages).

Propetlant No. l i 2 3 4 5 1T 6 7 8 10
Celhdose nitrate 381962 91.0 [90.4 1405 5.4 157.48179.15]121.0 [i98
Glycerol trinitrate 47.0 {49.7 {41.33[16.0 {209 {200
INitroguanidine 54.8 {56.0
Dinitrotoluene 95 107]62 )53

iSodium cryolite 0.35] 0.3
IDibutylphthalate 26 03 23 0.2 6.9 6.9
Diphenylamine 09 |04 106] 1.0 0.44] 0.4
Nitrodiphenylamine 0.5

Ethyl centralite 0.1 |04 10 |35 295] 3.6
IMethyl centralite 1.8

[Vascline 0.4 | 0.44

Potassium cryolite 0.3
Potassium nitrate 0.R 0.9

Potassium sulphate 0.7 0.5

Graphite 0.35[ 0.05 0.2 ] 0.38] 0.35

\Calcium carbonate 0.15 0.3 0.1
Tin Oxide 0.75

Moisture 1.3 | 1.250 1.2 0.5 | 0.33] 0.55 0.2
Solvent 1.1 10.2 | 045 0.15

N% cn. 13.14{13.23(13.20(13.15}12.2 [12.99]12.1 [13.28

KCal, value (kJ/kg) 1090 13986 {3747 13662 K920 [5024 [5037 PBS525 3643 {3705
Bulk density (kg/m3) 799 {553 | 963 | 855 {1000 | 740 | £83 | 949 {1000 | 899
Heat Conductvity (W/m CY} 0.12] 0.08| 0.09| 0.12] 0.13) 0.08] 0.09] 0.10{ 0.11] 0.10
Year of production 196911962 1963 ] 1966 | 1942 | 1955 1915 | 1966 | 1965 | 1955

From these measurements the safe diameter (Dgare) and the decreases in calorimetric value at 20°C
and 30°C have been calculated, and the results are given in Table 8.

Table 8. Safe Diameter and Decrease in Calorimetric Value of the Tested
Gun Propellants. Referenced to storage schedule shown in Fig. 24.

Propellant afe | (AQcx)20 (8Qex)30
(m) (%) (%)

T .60 0.24 1.0

2 single base 0.50 0.34 1.0

3 0.70 0.70 0.5

4 0.65 0.15 0.7

5 0.60 0.12 0.6

6 double base 0.50 0.17 0.8

7 0.30 0.48 1.7

8 0.35 0.61 2.8

9 0.60 0.16 0.7

10 triple base 0.65 0.14 07
The calculated decrease in calorimetric value differs markedly from pro, » propellant.
How far a decrease in calorimetric value is permissible depends on the funu fthe propellant.

In the past a large number of stability and compatibility tests have been developed. These tests
generally involve an accelerated aging of the propellant at temperatures between 333 K (50°C) and 413
K (140°C) and the examination of distinct degradarion phenomena such as:

- the rate of gas evolution

- the rate of stabilizer depletion

- the loss in weight under standard test conditions

- the lapse of time until the appearance of nitrogen oxide gascs (NOy)

Table 9 shows the cutcome of a comparative investigation that has been performed conceming the
relation between the Isothermal Storage Test AST) (Van Geel, 1971) and five more conventional tests:
the 95°C test (the propeliant is placed in a closed container, 0.33 g of propellant/mi, a1 95°C for 8
hours/day; red fumes within 20 days indicate an unstable propellant), the Dutch weighing test (Bofors
and Kruit, 1960), the Abel hear test (Bofors and Kruit, 1960), the 65.5 C test (Stanag 4117, 190~),
and the methyl violet test (MV test, Bofors and Kruit, 1960). These tests are described below.
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Abel Heat Test

Application: Determination of the momeniary stability of propellants at 80°C using the detection of
the NOy generation by its reaction with a potassium iodide starch paper.

Lquipmeni: The equipment consists of a thermostat bath with a constant temperature of 80°C. An
amount of 1.6 g propellant is weighed into standard glass tubes with 2 length of 140 mm, an external
diameser of 16.5 and an internal diameter of 14.5 mm. The tube is provided with a cork carrying the
potassiurn iodide starch indicator paper suspended on a platinum wire. The indicator paper is wetted
in the center (maximum wetted diameter 5 mm) by a glycerine-water mixture. The NOy gases react
with indicator paper resulting in a darkening yellowish-brown circle at the dividing line between the
moistened and unmoistened paper parts. The pericd of time which has elapsed between the start of
the experiment and the occurrence of a dark brown ling, is a measure of the stability. The results of
the test may be affected by decomposition of materials other than the propellant itself.

Typical results: Propellant: Double base. Test at 80°C with 1.6 g.: 24 minutes.
L
AQP-7 Registry No: Netherlands/Explosives/202.01.004
Tope of Test: Safety/Thermal
] 3 : The loss in weight caused by the decomposition of the propellant is determined
as a measure of the stability. The test is performed at a temperature of 378 K for a double- and a
triple-base propellant and at 383 K for a single-base propellant. The sample is heated under

standardized conditions for § hours to determine the content of volatiles. After this, the sample is
heated for another 64 hours to determine the weight loss.

Typical Resulis:
Small caliber single-base propeliant (383 K) 0.6% weight loss
Single-base cannon ammunition (383 K) 0.9% weight loss
Double base propellant (with high nitration nitrocellulose) (383 K) 1.1% weight loss

AOP-7 Registry No: Netherlands/Explosives/202.01.005
Lype of Test: Decomposition by heat

Bricf Description: The volume of gas evolved, when a mixture of equal parts of explosive or
propellant and the material under test is heated at a constant temperature of 100°C (90°C in some cases)
for 40 hours in an initial vacuum, is compared with the volumes evolved trom the explosive or
propeliant and the test materia! when heated separately under otherwise identical conditions.
Compatibility.of the components of the mixture is judged by means of the volume of additional gas
produced because of the contact between these components.

Typical Results: The Vacuum Stability Test for one combination:

Material: 10 g high explosive or propellant (grain size, 0.2-2 mmy)
10 g test material (grain size 0.2-2 mm)

Duration of a test: 4 days

thyl-Vi

AQP-7 Registry No: Netherlands/Explosives/202.01.002

Type of Test: Safery/Thermal

Buicf Description: The appearance of brown fumes of nitrogen oxides is determined as a measure
of the stability of the propellants, The appearance of the brown fumnes is detected with the help of
methyl-violet paper. The sample is kept under standardized conditions at a temperature of 408 K for
a single-base propellant and at 393 K for a double-base propeliant. Nimogen oxides must not appear
and explosions must not occur within specified times.

Bergmann and Junk Test
AQP-7 Registry No: Netherlands/Explosives/202.01.003
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Lype of Test: Safety/Thermal

LBrief Description: In the Bergmann and Junk Test the sample is heated to 405 K (0.5 K) for a
single-base propellant and at least 393 K (30.5 K) for a double-base propeliant, The sample must be
heated under standardized conditions for a prescribed period. At the end of this period the nitrogen
oxide evolved is quantitatively determined as a measure of the stability of the propellant under
investigation.

Typical Results: Niocellulose (405 K) 1.7 ml NO per 10 kg, small caliber ammunition
single-base (405 K) 7.8 ml NO 5.10-3 kg, cannon ammunition single-base (405 K) 8.3 mi NO per
5.10-3 kg, double-base propeilant (393 K) 5.8 ml NO per 5.10-3 kg.

The tests are done with samples after accelerated aging at 65,5°C for periods between 60) and 240)
days. The chemical composition of the propellants before aging is given in Table 9.

Table 9. Chemical Composition of the Cellulose-Nitrate Propeilants Used for Comparative Tests.
12 13

Propellant No. 11 : 14
Cellulose nitrate 57.05% | 75.9% 82.6% 84.0%
Glyceroluinitrate 40.1 19.8
Diphenylamine 0.8 0.95
Ethylcentralite 0.8 0.8
Dinitrotoluene 10.3 9.6
Dibutylphthalate 5.2 3.6
Potassium sulphate 1.7 1.0 0.65
Barium nitrate 14
Graphite 015 0.25
Moaisture 02 0.35 0.8 0.8
Solvents (about) traces 0.5 (0.3 0.4

Table 10. Comparison of the Isothermal Storage Test With Other
Stability Tests. (Underlined values do not meet the requirements.)

Propellant No. 11 1 12 13 14
Duration of the aging at
65.5°C before the test (days) 60 120 69 240 240
IST Dyate (m) 0.7 0.01 09 § 0.7 0.6
95°C-test (days) 9 1 26 76 76
Dutch weighing test (%) 0.6 33 120108 0.88
Abel heat test (min) & 3 0 13 8
65.5°C-test (%) 0.38 | 0.18 0.55] 0.15 0.24
MY test - Salmon coloration (min) 65 55 95 40 30
- Red fumes (hours) 6.0 7.5 80 {55 5.5

From Table 10 it can be seen that there is hardly any correlation between the tests performed. This
is to be expected because of the fact that the different tests make use of different criteria to judge self-
ignition hazard, Only the 18T which is based on a direct measutement of the heat generated by the
stored propellant gives a reliable figure for the risk of self heating and consequent 1gnition.

The Coyrse of the Heat Geoeration Process
a. Initial Heat Effect

During the experimental program, it was observed that the heat generation of some lots of propel-
Jant was relatively high during the first days of the measurement. This initial effect was not observed
in triple base propellunts.

When investigating this effect it was found that the initial heat generation was much less when the
propellant was not pulverized and that the generation was reduced when replacing the surrounding air
was replaced by nitrogen (Mey and Heemskerk, 1985). The effect of moisture was investigated as
well. A definite effect on the rae determining reaction step could be observed although the overall
effect remained relatively small.

In this connection it is advisable to cary out the heat generation test with unpulverized propellant
grains in air since this is as close t0 the storage conditions as possible. In case of large units of propel-
Iant (rocket propeliants) relatively large picces of the propellant can be chipped from the propeliant.

b. Autocaialysis

After a proionged measurement in the heat o meter, the raie of heat generation increases
sharply by autocatalysis. This effect is caused by the depletion of stabilizer. In Fig. 25 the heat

47




generation is given of two single base propellants. The difference between the two propellants was
the type of stanilizer, but the stabilizer content was the same.

From Fig. 15 it follows that diphenylamine has a better stabilizing effect than the same amount of
¢thyl centralite for this type of propellant.
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Fig. 25. Heat Generation at 85°C of Two Samples of Single Base
Propeliant With Different Stabilizers.

As has been discussed before, the heat generation of most propellants is less than 100 mW/kg
during the first week at 85 C. This means that the safe diameter is at least 0.5 m at ambient empera-
tures. However, when the period of autocatalysis is reached, the safe diameter will decrease sharply.
Because of this effect. the question rose whether an inhomogeneous stabilizer distribution could give
rise to self-ignition. To investigate this problem tests were done with a mixture of the single buse
propellant with 1.23% diphenylamine from Fig. 23 and the same propellant, but without stabilizer
(weight ratio 99:1 respectvely).

The results are given in Fig. 26 in which curve 1 represents the heat generation of the nonstabil-
ized propellant, curve 2 the heat generation of the mixture, and curve 3 the same as 2 but with
pulverized propeliant.

From Fig. 26 it follows that there is a stabilizing effect from the surrounding grains and that this
effect becomes swonger with decreasing grain size.
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Fig. 26. Hear Generation at 85°C of a Nonstabilized Single Base Propellant.
(1) The pure unstahilized propellant.

(2) A muxture of the propellant and the stabilized propeliant
(3) A mixture of the propeltant and pulverized stabilized propellant,
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Furzher Investigations

For a more precise prediction of the decomposition phenomena for different storage conditions
much more knowledge is necessary about the kinetics of the propellant decomposition, in particular at
lower temperatures (30°C). Low temperature measurements have been performed with stabilizer reac-
tivity and chemiluminescence ('t Lam and Heemskerk, 1985, and Mey and Heemskerk, 1985). In
this connection, further investigations will have to be conducted with respect to the influence of the
gas atmosphere and the gas-tightness of the propellant container on the course of the decomposition
phenomena.

More information is necessary on the distribution of stabilizer in the propeilant and the effect of
possible inhomogenitics on both the self-ignition hazard and the ballistic stability.

1t should be stressed that the stability requirements the propellant has w0 meet, can only be drafied
in detail if the above mentioned information is obtained. A reliable judgment of the stability control
will be the result.

Finally, it should be investigated how heat losses in a stack of propetlant containers relate to the
loss of 3 single unit. This will provide the ultimate information about the allowable safe diameter.

5.1.5. Fundamental Thermal Stability Tests
Differential Scanning Calorimeter (DSC)

Differential scanning calorimetry (DSC) is a technique in which the heat generation of a sample is
measured as a function of the temperature. The same emperature nise is applied tw a reference materiai
and a sample material, The difference in energy supply is proportional 10 the heat generation in the
sample.

During this temperature program endothermic and exothermic changes in enthalpy may apjear
which may be caused by, for instance, phuse transitions or chemical reactions.

The apparatus comprises two identical measuring cells made of a platinum alloy. Each cell has u
temperature sensor and a heating element. The cells are mounted in an aluminum block which is kept
at a constant temperature. The measuring cells can be used in the temperature range between 130 and
870 K with heating rates between 10-3 K/s and 3 K/s.

The measurements can be performed with open or with closed sample vessels with a volume of
45 x 109 m3 and a maximum overpressure of 15 MPa. The atmosphere surrounding the sample
vessel can be flushed with noncorrusive gases. The minimum heat generation that can be measured,
amounts to approximately 5 W/kg with a sample mass of 10 mg.

An example of a DSC curve is shown in Fig. 27. The sample under investigation was composed
of several organic peroxides. The DSC curve shows two degradation peaks with a measured onset
temperature at about 300 K and a total reaction enthalpy of -1510 ki/kg.

In view of the Jow onset temperature and the high reaction enthalpy, the sample must be regarded
as a potentially hazardous matenal.
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Fig. 27. DSC Curve of a Sample Composed of Several Organic Peroxides.
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Isothermal Storage Test (1ST)

In the Isothermal Storage Test (IST) the heat generated at constant temperature due 10 reaction of
decomposing substances is measured as a funciion of time, Performance of these measurements at u
series of temperatures leads to a quantitative understanding of the relation between the iemperature and
the heat gencration of the substance under investigation. The IST is applicable to solids, liquids,
pastes, and dispersions.

The IST in Fig. 28 consists of a large heat sink {an aluminum block) which is kept at a constant
temperature. In the block are two holes with a heat flow meter (e.g., a Peltier element) at the bottom
of each hole. Identical holders are placed on both heat flow meters. One holder contuins the sample,
the other an iner substance.

The heat generated by the sample results in a voltage signal from the heat flow meter which is
proportional to the heat flow. Random fluctuations in the heat flow are avoided by monitoring the
voltage difference between both heat flow meters.
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Fig. 28. Cross-Section of the Isothennal Storage Test.

The siainless steel sample holder has a volume of 70 cm3, The sample mass amounts 1o about 20
g. Measurements can be performed in the temperature range from 250 K to 420 K. Heut generations
can be measured between the lower limit of 5 mW/kg and the upper limit of 5 W/kg with an accuracy
of at least 30% in the lower range to 5% in the higher range.

In Fig. 2% three IST curves measured with a single base propellant at ditferent temperatures are
shown, With these heat generation curves an activation energy for the degradation process of 125
kJ/mol has been calculared. By applying the thermal explosion model of Frank-Kamenewsky and
introducing appropriate physical properties of the propeliant, the safe storage diameter at the ambicut
storage temperatare of 300 K is found to be 0.6 m. Integration of the heat generation cun es results in
a decrease of the calorimetric value, which can be extrapolated to the required storage temperature and
time of storage.

In the Adiabatic Storage Test (AST) the heut generated ut nearly adiabatic conditions by reacting or
decomposing substances is determined as a function of time. The AST is applicable to solids, liquids,
pastes, and dispersions.

The AST shown in Fig. 30 consisis of a 1.5 x 10-3 m3 Dewar vessel sealed with a swinless steel
lid. This lid is provided with insulating material on the inside. The Dewar vessel is placed in an
aven. The temperature of the oven is kept equal to the temperature of the sample in the Dewar vessel.

In this way the hearloss is kept af a2 minimum and a nearly adiabatic situation is created.

An internal eleciric heating coil is used 0 heat the samiple to the desired initial temperature. The
heating coil is also used (o determine the specific heat of the sample.
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Fig. 29. IST Curves of a Smokeless Propellant.
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Fig. 30. Amrangement of the Adiabatic Storage Test (AST).

A gas can be led through the Dewar vessel by means of tubes passing through the lid of the
vessel. From the inlet tube the gas is spread over the botiom of the Dewar vessel. The gas outletis at
the top of the Dewar vessel. Thus the entire sample is brought into contact with the gzs. Before being
supplied to the Dewar vessel the gas is carcfully thermostated at 2 temperature equal 1o that of the
sample. Because of the nearly adiabatic conditions (the maximum heat loss is 10 mW), the heat
generated by the sample is almost completely converted into an increase in wmperature of the sample,
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Therefore, the temperature of the sarnple is recorded continuously as a function of time. From the

increase in temperature in relation to the specific heat and the mass of the sample the heat generated by
the sample can be determined.

An experiment is discontinued when the heating rate is too fast. In this case the system is cooled
(21(5)6\:1;( wid; ;k(x)c éxd of a cooling coil. Measurements can be performed in the temperature range from
to .

Even at relatively low temperatures small heat generation can be determined. The smallest
temperature increase that can be determined corresponds to a heat generation of 153 mW/kg. The upper
limit is determined by the capacity of the cooling coil. If water is applied as coolant, a maximum heat
generation of 500 W is allowed. The accuracy of the measurements is at least 30% at 15 mW/kg and
10% from 100 mW/kg 10 10 W/kg.

An example of a result of an AST experiment is shown in Fig. 31. The first part of the curve, up
to about 300 hours, has been measured in the AST. The second part has been extrapolated by using
the last part of the measured temperature-time curve. The maximum temperature of 526 K is the auto-
ignition termperature of the sample under investigation.
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Fig. 31. Example of an AST Curve.
ees measured values.
____ extrapolated values.

Thus, with the AST experiment the induction period is observed in which the sample is self-heated
up to the auto-ignition temperature under adiabatic conditions, starting from an arbitrary ininal
temperature.

Thermal Step Test (TST)

With the Thermal Step Test (TST), kinetic studies of the decompositon of energetic matertals are
performed. The activation energy can be obtained over a wide temperature range (300 - 1400 K).
Furthermore the influence of caralysts and additives can be assessed.

The experiments are performed by confining some encrgetic matenial in a capillary stainless steel
tube with a fixed internal diameter of | mum and a variable outer diameter from 1 - 2 mm and with a
length of 70 mm.

After inserting the tube in an electric circuit and by discharging a capacitor through the tube, the
temperature of the tube is raised in about 30 microseconds. Temperatures up to 1000 K can be
maintained for a prolonged period (up to several hours). The induction time, the time needed to
rupture the tube, as a function of tube tempcerature is measured.

In Fig. 32 results of five different AP hased composite propellants are shown (Schrader and
others, 1984 [AGARD)). The compositions are given in Table 11. 1t tumed out that composite
propellants stant to decompose at a lower temperature than the pure ammonium perchlorate. This
behavior is believed 1o be caused by the binder, because the binder is abl= to gencrate radical ike
species at a relatively low temperature which could enhance the decomposition.

A wide variety of energetic materials has heen investigated with the TST. In the temperature
domain, relevant for the cook-off phenomena, all investigated explosives (Schrader and others, 1983,
and Schrader and others, 1984 {Ninth Int. Pyr. Sem.]) and propellants show a pseudo first order
Arrhenius type of decomposition.
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Table 11. Compeositions of the Propellants (% w/w).

Compound Hi HZ A3 P1 j 7]
AP 67.9 69.4 0.0 67.0 65.0
Aluminum 16.7 18.0 17.0
HTPB based PU 111 1.5 15.0
PPG based PU 11.6 15.1
Dp* 36 42 5.0 40 4.8
NGu 15.0
Fez0n 06 0.6
Cuz0 » Cro03 0.3
Rest 0.1 0.3 0.1 0.1
* IDP = isodecylpelargonate (plasticizer)
T/K T/K T,K BAQSS4
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Fig. 32. Induction Time as a Function of Temperature of: {(a)» AP, + AP-Al, and 0 AP-NGu,
(b) x H1, » H2, and o H3, and {c) 0 PI, s P2. The solid curve from a is also drawn in b and
¢, the solid/dotted curve from b is also drawn inc.

i ion

The ODTX (McGuire and Tarver, 1981, Catalano and others, 1976, and Tarver and others, 1978)
test has been developed at Lawrence Livermore National Laboratory as a well controlled environment
in which to measure times to explosion at confinement pressures up 1o 150 MPa. The diameter of the
hemispheres containing the energetic matenials is 12.7 mm. The hemispheres are heated and the time
to explosion is recorded. The spherical geomewy has been chosen, since it is well suited for computer
madeling.

The ODTX test has only been used to study high energy explosives like TATB, TNT, and plastic
bonded explosives containing RDX and HMX, {cf. Fig. 33). Typical temperatures used range from
420 up to 620 K. The times 1o explosion range from a few seconds up to about 1 day. Chemical
kinetics, more complicated than the simple type Asthenius equation, are employed to fit the
experimental results within a theoretical frame work.
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Fig. 33. Experimental and Calculated Times 1o Explosion for 12.7 mm
Diameter Spheres of TNT, LX- 10, and OCTOL (A); and of TNT, RDX,
and Comp. B (B).

5.1.6. Computational Methods
As stated earlier in the introduction a heat balance can be made

dT a$

cpgr = QP Ko BRT- < (T - Ty)

Unfortunately, many of the properties are temperature dependent and this equation cannot be solved
analytically without making approximations.

The advent of the computer made it feasible to employ numerical methods to solve the differzntial
equation. In the early sixties Zinn and Mader (1960) and Zinn and Rogers (1562) were the first to
calkulate temperature profiles and times to explosion which were in good agreement with experimental
results. Since then many have used numerical methods to describe cook-off phenomena with success,

~The most widely used method to numerically solve the above cquation is the so-called finite
differences method (Richimeyer and Moron, 1967). Sipce a thorough treatise of this subject is
beyond the scope of this chapter; only a brief outline will be presented.

First, the continuous time and space coordinates are changed into discrete vaniables, the finie
differences Drand Dt, the grid size, and the time step, respectively. Now, the key of the finite
differences method is to approximaie the equation by substituting the differentials by the diffefences,
ie., dr/dt = r/Dr. The resulting differences equation can be easily solved by either an explicit of an
implicit method.

An explicit metiod is characterized by the fact that to calculate the wemperature at a cenain place ata
cenain time only the temperatures of the previous time step are needed.  Explicit methods are easy to
use, but they do have one distinct disadvantage; the solution is not always stable. This means, that if
the time step is 100 great as compared with the grid size no meaningful results are obtained. Soif onc
has w calculate long times 1o explosion, implicit methods are o be favored because they are always
stable.

With an implicit method, the temperatures of all grid points at a certain time are descnbed by
means of a set of coupled equations. Thus at every ime step this set has o be solved by means of an
iterative process or by means of 2 matrix inversion technique.

To finish this section we cite a number of examples illustating the possibilites of numerical
methods.

At Lawrence Livermore, finite difference methods have been used 1o model the fimes to explosion
of several high explosives simulating numerically the ODTX (cf. preceding section). In this



calculation, besides Arrhenius type of chemical kinetics, more complicated kinetics have been
employed as well. The cutcome of the modeling showed that good agreement with experimental data
can be obtained.

In France, numerical methods have been applied to investigate and understand the thermal
decomposition of propellants. Basis for the calculations was the model of Zinn and Rogers. Againa
satisfactory agreement between theory and experiment can be obtained.

In the Netherlands, numerical methods have been used to model the decomposition of unstable
compounds in electroexplosive devices (Prinse and Lecuw, 1986). In that case one has not only to
deal with energy release due to chemical processes, but also the energy input due to the electrical
power must be considered.

In Fig. 34 the iemperature rise in the wire of an electroexplosive device is shown. The donted line
denotes the experimental data points and the solid line is the theoretical result. As can be seen, there is
good agreement between theory and experiment.
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Fig. 34. Temperature Rise of EED Bridge Wire Vs. Time at a Fixed Current.

So one can conclude that theoretical simulation based on numerical methods can be a very
powerful means to get a fecling for the behavior of thermally unstable compounds. [tis to be
expected that in the light of the rapid developments - both in hardware and in software - numerical
methods will prove to be even more successful in the near future.

5.1.7. Slow Cook-Off Test

Slow cook-off tests are characterized by very low heating rates (a few degrees per hour toa few
degrees per minute). Tests range from small scale requiring several grams of energetic matenals to
large scale tests involving the full sized weapon system. These tests are o provide data that might be
used 10 predict the response of ordnance slowly heated primarily in storage or handling mishaps. (For
example, munitions in a rail car heated by the burning of adjacent rail cars, or munitions in a
storehouse adjacent 10 a burning starchouse, or weapons in the hold of 3 ship with fire in adjacent
compartmenis. )

The small scale slow cook-off tests are described as follows.

SNPE Test (France)

This test set-up (Kent and Rat, 1982, and Rat and Kent, 1981) (Fig. 35) consists of a sweel
cylindrical combustion chamber with an internal diamester of 80 mm and a depth of 600 mm, which
can be heawd electrically 1o 680 K (see Fig. 35). At a certain time a cylindrical picce of propellant,
diameter 50 mam, variabie height, fitied with a thermacouple, is introduced in the preheated
combustion chamber. The time 0 ignitions and the temperature history of the propeliant are recorded.
Quantities up to 200 grams can be measured this way. The combustion chamber cannot be closed
gastight so wtal confinement iz not obtaiazd.
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Some results of this test applied 10 propellants are shown ia Fig. 36, Typically. the critical
temperature is around 450 K and the induction times can be as long as 18 hours. In Casenave and
Racimor (1984), the experimental data are used as input for theoretical calculatons based on the work
of Zinn and Mader (1960) 1o predict induction times and critical temperatures for other geometries as
well, (cf. dashed lines in Fig, 36.)

. 330 303 220 2K 1]55 150 “-]5 190
8 ] I i

V12 1
e IR o ; !
el s | ] H
0 I Nt i I
i e/ Feoo |
soc] .E ; 'i ’l R i i

. .
1 a0 = . f o
Te N . i
g g . A |
€ g Y . - /l.. R !
b 24 s !
P M L i
I Pl :
- e i

.
o

= . L |
e -, |
W P . i
o L R PR !
. e
// ,/ LS

TE iB 17 T8 1w ZG 27 22 23 24 25 f& 2:
107 Tl K; et

Fig. 36. Induction Time as Function of 1/Te. C = Composiie
propeliant. DB = Double base propellant.

The Belgian E{cole) Rloyale) M(ilitaire) {(Emeux and others, 1983) west is siamudar 1o the French
SNPE test. The main differences are that less matenial is used (0.2 10 2 gr), and that cook-off can be
studied under confinement as well. Comparison with thearetical calculations showed a good fit, for
these small quantites (< 2 gr).

SNPE also performs slow cook-off tests using the mode! mwtor prosented in Fig. 37, This model
motor is placed within an oven instrumented with thermocouples as indicated in Fig. 38 The
emperaiure within the oven is increased at 3.33°C/hour. The wmperature at which reaction occurs
and the severity of reaction is determined.
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In this est, which can be used for all types of explosive stores, the item under trial is placed in a
disposable metal jacket, which is cylindrical in shape and constructed in halves which are bolted
together after the store is put in. Ample space is left for air circulation all around the store. The endx
of the jacket are attached 10 flexible hoses for circulation of air the air circulation is closed. and the
whole air-duct construction is heavily insulated in order w conserve energy. The air heater and pump
are separated from the jacketed siore by a reinforced concrete wall. The air wmperature inside the
Jacket half-way along the length of the store is monitored by a thermocouple which centrols the heat
flux from the heater to the circulating air 10 maintain the rate of temperature increase in accord with a
preset program [heating rate 3.3°C/r (6°F/hn]. Up o five other thermocouples may be installed
within or on the surface of the store. A demolition charge on a remotely-controlied wolley is provided
nearby, for use should the trial be abarted for any season, or the maximum temperature programmed
be reached without event.
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This test is nominated for propeliants in the AOP-7 test manual (1982). In the Large Scaled
Vessel (LSV) Test (heated type) the material under test is sealed in a standard vessel made of seamiess
steel tubing (76 mm ID, 95.2 mm OD) with welded end-plugs 450 mm apart. The volume of the
vessel is approximately 2 liters, Nickel-chrome heating wire is wound around the tube and current is
applied to heat it at 5°C per minute, monitored by means of a thermoccuple inside the vessel and in
thermal contact with its inner face through its housing. In due course a runaway reaction hegins and
failure of the vessel ensues. The violence of the response is assessed by means of the degree of
fragmentation of the vessel. A variant of this test, using internal ignition is used in the U.K. for
hazard division assessment of propeliants.

RDE T ral

This test is nominated for the AOP-7 tests manual (Allied Ordnance Publication, 1988). It is used
for all types of explosive material. A standard glass test-tube (100 mm long, 12,13 mm OD)
containing 0.20 g of prepared sample powder, cut-out discs or pellets as appropriate) is inserted into a
metal block which is externally insulated and lieated at 5°C per minute, The temperature of ignition
and information conceming the nature of the event are recorded. The heating rate can be varied if
desired.

NW m 1 -
(U.S., Pakulak and Cragin, 1983)

In this method, the test fixture, a super-small scale cook-off bomb (SSCB), consists of a stee!
tube 2.8 ¢cm ODR.3 cm ID x 7.6 cm long (~1.1-inch OD/0.9-inch 1D x 3-inches long) spot welded (4
points) to a witness plate 6 cm diameter x 1 cm thick (3-inch diameter x 3/8-inch thick), A similar top
plate is used and bolted to the rbe-witness plate for explosive confinement. An intemal aluminum
sleeve 2.3 cm OD/2.0 cm ID x 7.6 ¢m long (~0.9-inch ODA).§-inch ID x 3-inches long) is used 10
spread input heat evenly and temperature measurement is made with a thermocouple. The explosive
material is cast, pressed, of cured in steel tubes 2 cm OD/1.5 em ID x 3.2 ecm long (0.8-inch ODALG-
inch ID x 1.25-inches long). Each tube contains about 10 grams of explosive and two steel tubes are
used per test, This allows a 1.3 cm (1/2-inch) void area for thermal expansion. The outer steel tube is
heated with two, 125 watt bard heaters. With 220 VAC applied, the heating rate is ~1°C/sec and is
~0.2°C/sec with 110 VAC. The Fagher heating rate is similar 1 a heavy steel wall 1.3 cm (~0.5-inch)
munition in a fuel fire; the lower heating rate is similar to an area that is not in a direct heat path from
the fuel fire; i.e.. fuze cup, thermally protected cse, etc.

This test method is used for determining the cook-off temperature and reaction of an explosive
under confined conditions. The time-temperature plot is used to determine the cook-off temperature at
a given heating rate. The body fragments and witness plate are used (o assess the severity of the
reaction This rest satisfies the mandatory requirements for qualification testing of booster and main
charge explosives. The cook-off temperature is dependent on heating rate and can be used to predict



cook-off time and temperature in a fuel fire. The severity of the cook-off reaction is assessed in the
following maimer and is listed below:

Observed Resuls
Outer Tube ‘Wimess Plate Took-Off Reachon
Intact/Split Dent £ 1.3 ecm (0.57) Burning
1-4 Pieces Dent £ 1.3 cm (0.5 Deflagration
Many Pieces Dent 1.3 cm (0.5") Explosion
Many Pieces Nearly Punched Partial Detonation
Small Pieces Punched Hole Detonation

The severity of the cook-off reaction is dependent on the heating rate.
NWC Small Scale Cook-Qff Bomb (SCB) (U.S.)

The SCB is adopted in the United Nations recommendations (Recommendations on the transport
of dangerous goods, 1986) and simulates transport and storage situations involving slow external
heating of substances. In the test a sample of the substance to be tested is contained in a 400 cc steel
vessel with walls 3 mm thick. The vessel is electrically heaied and is equipped with thermocouples.
After insertion of the test material the temperature is raised from 300°C at a rate of 3°C a minute. The
test is considered positive when the tesi material has deformed the vessel or the witness plate which
forms the bottom of the vessel.

Table 12. Some Typical Results for the Small
Scale Cook-Off Bomb Test (SCB).

Substance Cook-Off | Cook-OfT Cook-Off
Temp. Time Reaction
(K) {min)
Guamdine nitrate Technical grade 640 140 +
Propellant (cannon) M-6 (USA) 473 14.2 +
Nitroguanidine powder 553 4.0% +
Tetryl NSWC, Crane, IN 487 14.5 +

* Data wken at a higher heating rate of 1°Cjs.

The SCV test was initially implemented because it became apparent that very little was known
regarding the changes that occur within propellants as a function of temperature during a slow
cookoft, Speculations abounded that a particular propeliant may swell or foam, and possibly even
pariially liquefy beyond some temperature, but very little data exisied. Even less was undersiood
about how variations in propellant formulation affect elevated temperature behavior. Therefore, a
simple test was designed and implemented to provide insight and empirical data regarding propellant
behavi.r as a function of temperature.

Early SCV tests were conducted with cylindrical propellant samples contained in Pyrex graduated
cylinders that were heated at 25°F/hr in modified household toaster ovens while physical changes as i
function of lemperature were observed with a video camera, These carly "toaster oven™ SCV test
efforts revealed the value of this type of test, and subsequent needs stimulated the evolution of the
current SCV test.

The current SCV test is designed to provide the following data:
1. The bulk volume change of the propellant as a functon of wmperature,

2. Visible physical state changes that occur as a function of temperature. Most propeliants
underge visually observable physicai changes as a function of temperature. Some propellants soften,
swell, and/or foam a great deal, while others show only small changes. Other propeliants partially
liquefy due to binder depolymerizatior. and/or “melting” of one or more . ngredients. Sometimes the
liquid or semi-liquid phase foams and/or "boils” prior to autoignition. Siynificant color changes often
occur as a function of temperature as well.

3. The rudial thermal profile through the propellant sample as a function of empermture and time.
Internal cxothermic activines as well as endothermic decompositions and/or phase changes can be
observed via thenmocouple probes placed in a three-dimensional spatial arrangement throughout the
sample.
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4. The oven air temperature and the temperatures ani thermal profile within the propellant sample
at the time of autoignition.

5. Sometimes the location of autoigniion can be observed. Autoignition can occur in the gas
phase above the propellant sample, on a propellant surface exposed 1o air, or near the centroid of the
propellant sample.

6. The composition and volume of gases given off by the heated propellant as a function of
temperature and time, Up to the present time, this has not been done at the Naval Weapons Center.

This type of data is useful for predicting whether sufficient propellant physical property
degradation and/or expansion will occur in a full-scale motor to cause propellant grain collapse and/or
exudation of propellant through the nozzle. In addition, knowledge of the physical state of the
propellant and the degree of propellant confinement at the time of autoignition provides important
clues about how violently the propetlant will react in a rocket motor. Data provided by the SCV tes:
can also be used to estimate the time-to-reaction and cookoff temperature of full-scale motors. As a
propeliant formulation research tool, the SCV test can provide clues and insights regarding what is
oceurring within a propellant as a function of temperature. Knowledge of how propellant formulation
changes affect propellant behavior during slow cookoff can be obtained by conducting a matrix of
tests in which one ingredient change is made at a time.

SCV Test Hard Descripti
Figure 39 shows an assembly of the basic apparatus used for the SCV test. A similar but less

refined apparatus was used for the earlier "toaster oven” SCV tests.
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‘The most recent version of the SCV test is conducted with a propellant sample cast or machined o
form & cylinder 1.80 inches in diameter and 2.00 inches long. The propeliant sample fits with a small
clearance in a customn-designed 12-inch-tall Pyrex graduated cylinder. The Pyrex graduated cylinder
has parallel red and white markings spaced 0.125 inch apart so that they can be easily observed with 2
video camera against a light or dark colored background. Eight thermocouple probes are integrated
into the base of the graduated cylinder and extend into the propellant sampie. Two thermocouples are
placed at the outside radius, three at the half-radius, and three adjacent to the vertical centerline of the
propellant sample. The thermocouples at the outside radius are 180 degrees apart and lie on the
horizontal centerplane of the propellant sample. The three thermocouples at the half-radius and the
three thermocouples at the center are spaced 120 degrees apan at three heights (1/4h,172h, and 3/4h) to
form a three-dimensional spatial arrangement.

All of the SCV 1ests presented in this paper were instrumented with bare, 0.125-inch-diameter,
stainless sieel thermocouple probes. In the future, 0.0625-inch-diameter, glass or ceramic-coated
stainless steel thermocouple probes will be used. The smaller probes displace less propellant, conduct
less heat into or out of the sample, and can be more accurately positioned within the propellant
sample. In addition, there is sorne specu!ation that propellant decomposition can be catalyzed by
allowing the heated propellant to be in direct contact with metals containing iron, chromium, nickel,
copper, etc., and it is felt that such contact should be avoided.

The 1/2-inch-thick white aluminum oxide ceramic fiberboard spacers shown in Fig. 39 insulate the
ends of the propellant sample to reduce nonradial heat conduction. A penetrometer consisting of two
0.0625-inch-diameter, 2.75-inch-long pins loaded by a 255-gram head is shown in the glass tube on
top of the propellant sample, with the tips of the weighted pins resting on the propellan surface. Tue
penetrometer places point loads of approximately 92 psi upon the surface of the propellant sample and
provides visual evidence of when the propellant has softened sufficiently to allow the penetrometer
pins to penetrale the propellant. The pin spacing was chosen so that penetrometer pin location did not
coincide with the location of thermocouple probes and so that heat transfer through the pins would
have a minimal effect upon the thermal events occurring in the center region of the propeliant sample.

Figure 40 shows a schematic of the SCV heating chamber. The SCV oven in current use is a
heavily insulated chamber that has 0.25-inch-thick steel interior walls. The oven has an internal
volume of approximately 27 ft3 and is heated with an ammay of five 3000-watt electrical heaters that are
isolated from the main oven cavity. Air is continuously circulated through the isolated heater bank and
oven chamber volume with a fan to eliminate significant temperature gradients within the oven and to
ensure even heating. Chamber temperature as a function of time is controlled with a Honeywell
programmable temperature controller. The test apparatus is indirectly illuminated with six 40-wartt
appliance light bulbs so that a good video image can be obtained. The sample is viewed with a video
camera through a pair of Pyrex windows mounted in the side of the chamber. The internat chamber
cavity is instrumented with a flush-mounted high-temperature piezoelccuic blast pressure gage and
four air-temperature thermacouples. Two of the air-temperature thermocouples are adjacent to the
propellant sample.
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Fig- 40. SCV Heating Chamber.

SCV Test Descripti

The SCV test is conducted so that the heating cycle can be completed in one working day. During
the first hour, the chamber is heated at a linear rute 10 a predetermined preheat temperature. Then the
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chamwver temperature is ramped at 25°F/hr until awoignition of the sample occurs. The preheat
temperature is selected so that the total duration of the test will be between 7 and 9 hours. The 25°F/hr
heating rate was chosen for two reasons: (1) to expedite the test and (2) to scale the heating rate to the

sample size.

The subscale propellant samples are heated at 25°F/hr in an attempt 10 approximate thermal profile
similitude with the bulk propellant in a typical full-scale rocket motor heated at 6°F/hr. Arguments can
be made for maintaining temperature differential similitude versus temperature gradient similitude or
some condition in between the two conditions. The 25°F/r heating rate was empirically chosen to
represent a reasonable intermediate condition of thermal similitude. While the 25°F/hr heating rate is a
compromise, and true similitude (if "true” similitude can be defined) is probably seldom achieved
since each rocket motor and propellant is different, the heating rate has yielded meaningful data, and
no changes to the adopted heating profile scheme seem necessary at this time.

Test instrumentation consists of 12 thermocouples with the placements described earlier, blast
overpressure within the chamber volume, and full-time video coverage. Gas collection, sampling, and
analysis is an option that could be implemented to meet specific needs. Afier the entire test has been
recorded on 3/4-inch video tape, the full duration of the test prior to autoignition is time-lapsed in the
video laboratory so that a period of 5 minutes is compressed into 1 second. The video then gives an
anirated account of changes that occurred in the propellant sample as a function of time and
temperature.

Selected T Oven” and SCV Test Resul

At the present time, "toaster oven” and/or SCV tests have been conducted with 17 propellant
formulations. While excellent duplication of results was obtained when the same propeliant
formuladons were retested under identical conditions, virtually each of the 17 propellants exhibited
dramatically different behaviors. This was a surprise, since it was felt that propelfants within the same
general class (HTPB/AP propellants, for example) would all behave in a more or less similar fashion.
On the contrary, seemingly minor formulation changes, such as the substitution of yellow iron oxide
for red iron oxide, were found to have a large impact on how the propellant behaved in slow cookotf.
The type of binder, curing agent, burn rate catalyst, choice of plasticizer, and preserice or absence of
other ingredients were often found to dramatically affect the behavior of a propellant at elevated
temperatures.

The data obtained from the early "toaster oven” tests are summarized in Table 12. Table 13
provides propellant formulation data for the propellants listed in Table 12. The data obtained from the
more current and more refined SCV test are summarized in Table 14. Table 15 provides the propetiant
formulation data for the propeilants tested in the SCV chamber.

The “toaster oven” tests were conducted in a manner fundamentally similar to the way the SCV
tests were conducied. The primary differences between the "toaster oven” test and the SCV test, such
as sample size and penetrometer point loading, are documented in Tables 12 and 14: it is important to
note these differences when comparing the data listed in Tables 12 and 14. 1t is also important to point
out that oven thermal gradiemts and poor thermocouple instrumentation technique yielded unreliable
maximurm propellant sample imernal wmperature values for the wsts conducted in the toaster ovens.

Space does not allow a thorough discussion or analysis of the data presented in Tables 12 through
15. However, several interesting observations are briefly summarized:

1. Large differences in propellant slow cookoff behavior were observed, even between
propellants in the same basic family. The cookoff behavior of nine R-45M/AP, three B-2000/AP, and
three CTPB/AP propellants is summarized in Tables 12 and 14, Of these propellants, only PropeHamy
D. E, and L (all members of the R-45M/AP family) exhibited closely similar behaviors,

2. Propeilants A and B are the same basic propellant formulation and differ only in RDX content.
Propellant A is a clone of 4 Fleet propellant and contains 4% RDX while Propellant B does not contain
any RDX. The data in Table 12 reveal that the presence of RDX lowered the autoignition air
temperature by 55°F, reduced the temperature of initial propellant expansion by 26°F. and increased
the volumetric expansion of the propellant by a factor of 2.5.

3. Propellants E and F are also the same basic propellant formulation; they differ primarily in the
type of bum rate catalyst used in the formulation. Propellant E is a clone of s Navy Fleet propellant
and is formulated with red iron oxide 25 the bum rate catalyst, while Propeliant F is formulaied with
yellow iron oxide. The seemingly insignificant change of subsmunng yellow iron oxide for red iron
oxide reduced the emperature of initial propellant expansion by 49°F, lowered the autoignition air
temperature 24°F, and increased the volumetric expansion by a factor of 2.3. Subsequent
DSC/DTA/TGA studies with the yellow ivon oxide revealed that weight loss, probably due to
dehydration, began to occur ar about 320°F very near the temperawre of initial propellant expansion.




4. The B-2000/AP/copper chromite propellants (Propeliants C and I) reacted many orders of
magnitude more viclently under the minimurn confinement present in the SCV test than any of the
other AP-basex propellants. In addition, these two propellants have very similar formulations, yet
they exhibited a large difference in volumetric expansion.

5. The formulation of Propetlant N is similar to the formulations of Propellants D and L. The
primary difference is the bum rate modifier. Propellant N was the only one tested that contained FeF3.
The data listed in Tables 12 through 15 provide evidence that the Fchl substantially lowered the
autoignition temperature of Propeliant N.

Table 12. Toaster Oven Test Data Summary.
Sample size = 1 375 nches n diameter by 2 750 inches long

Peneticmeser pointload = 77 ph.
All tests were conducted in modified toaster avens

T Penetrometer movement,
t
Temperature ot emperature airinternal®. °F Volumetng | Agtognition | Felative
which expansion
Propetiant inimal expansion; expansion, | temgperature, | reacton
stopped, R
airanternald “F Length, % aiinternal® °F | vialenced
ar/internal?, *f | Begin End
nehes
a 334318 362:380 327308 ] 382322 075 9% 3817386 25
8 2601249 213/409¢ None -~ 38 A36/458 E)
None
C NO expansion 383360 4147398 20 a45/472d 95
abserved
o 350/361 4117385 None - 24 422:802¢ 15
E 378363 4017392 None 28 q13/411€ 20
F 3293 3621358 None - — &5 389/389 20
G 2551237 281:2797 153106229201 9 »220! 28127990h 151
W 2931247 378/269 273233 {33826 | 9 a5 378:2699,0.h 1k
1 3317211:40772914354/331 422/416| I54/331{3907371| @ 322485 | a2uazzdhmi g2
J 315302 388/391 314/308 | 383339 9 93 19vi4270.0.h 1
X 543356 I7R3ES None 26 4104250 H

dnternal tem perature values are not fully reliable un these early tests due to poor thermocouple placement and
fixtunng techmgues as well as thermal gradrents 1n the ovens

beomparative scate. 0 = noreaction, 1 x quiescent burn, 10 = detonation

Srmall amount of expansion pbserved (Uit pror to autorRNion

I (iquig” phase observed prior 10 autognition

€ignon oLiurred on wop syrface of sample

'Propellam boiled over and ignited upon contact with the oven heating elementy

FFull panetrometer eXCuron observed

hpropellant darkened in tolor duting heating

ivapor phase explosion followed by 2 61 second quiescent burn

Isample size = 1 750 inches in diameter by 2 000 ynches 'long  Penetrgmeter pont Ioad « 92 s

ksurtace igritsn fulluwed by & guiescent burn for 2 minytes. 53 seconds

I xpanuon occurred 0 WO separote stages, propellant wampte coilapse began to utcur 4t 3787353°F and steoped
atA04/389°F

MYmoie observed 13 minutes pros e avtogrition
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Table 13. Toaster Oven Test Datz Summary; Propellant Formulations.

Theotewal i, Theoretcal
Propeiant 1000 = 14 7 psia, | combushon chamber
seconds tempncature, 'F

Ingredients (fisted in decreasing order of abundance}

AP R-45M RDX, DOA, DDI, 2rC, HX- 752, DITBKQ.
PCHPDA

AP RASM, —— DOA, DDIL 2rC HX-752 DITBHQ,
PCHPDA

AP, poly(1.2-butyhenelgiycol. {B.2000). AL 1IDP.coprer
chromite, TP-4040, DL, C. 1 sutfur, FeAA and HAA,
polymethylsiloxang

AR, R-A5M.DOA. ALQ . IPDIL Fe,0, ired), HX-752,
Catechot

AP, Al R-ASM_10P_fe,0; (red). IPDLHX-752, Protech
3105. triphenyt bismuth

AP, Ai R-45M, IDP Fe,0, (yellow), IPD!, HX-878, Protech
3105, O0I, triphenyl bsmuth

Propretary formulation. niiroglycenine, RDX,
nteocetiviote, plastazer, elastomer, additives

ROX, HMKX, BTTN, TMETN, PEG, PCR, Pb,0,. AL, O,
Cetmodur N-100. carbon, MNA. (AB, MA, tripheny!
bismyth

AP, A, poly(1.2-butylene)glyrol; (B-2000MH Dy, IDP, TP.
AQAD, copper cheamite. (-1, sulfur, pataquinane, FeAA
and HAA, polydimethylsiloxane

AP, musoguenidine, poly{t.2-butylenedglycal, (8-
2000WHDL IDP. TP-4040. NPGA (-1, suitur, cupric
sulfate, FeaA and HAA

AP (TPB, Al DOA, fe,0; (red), dutr-epoxy resin,
polybutadiene, binder additives {phenyl-8-
aaphthylarmme; N.N-bis{1 4-hmethyl penty!)
pataphenylenedam:ne; thiodphenylamine). chromwum
ocloate

Table 14. SCV Test Data Summary

bample size = t 780 1nches in diameter by 2 000 inchesiong

Penetrometer pointload = 92 pu
All tests were conducted in the SCV test chamber

PRNRLOMEter movement,
Temperature at
Temperature of arhnternal, *f volumetric | Aytoignition | Retatve
N which @xpans.on
Propellant| intiai expans.on, stopoed expansion | temperature, | teaction
airnternal “F pped. tength, * aunfinternal °F | vidlenced
awinternalF | gegin End )
inches
1 3701359 426u4195]404:393.486/517| 315297 | 354282 ¢38 23126 asgrsr e ARY
A 3277314 374/837 293248 | 3407351 a 2 3787470 25
M 3497338 378373¢ 295:254 1 3761373 L6 Lol a36562¢ e
N 326-322.367739281329/326 367:420| 293270 | 3127306 013 ring 3677420 22
o 3197310 3827317 265194 | 324358 a8 35 421516 12
Gf 2464236 2783479 160/131 | 236226 o =100 27873473} 38
pf 3697367 4307508 292/262 | 3747367 d 14 430308 2
Q 333322 395391b{153,347.405:464| 376/368 | 405/46a 013 22:37 305736401 20

SComparatvescale. § = noreaction, 1 = quescent burn, 10 = yetonation

BEnpansion oecurred 11 TWO Stages
Cgrtion oecurrad on top surface of sample
dFyl penatrometer excursion observed

Simal! amount of expansion observed just pror to autaignition
fsampie size « 1 375 inches 0 diameter by 2 750 inches ‘org

PPropeilant houified 1nd bailed prior 10 duttigrition
AE apaniion continued oft scale
Wropelizat darkened «n color durnng heating
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‘Table 15. SCV Test Data Summary; Propellant Formulations.

Theotetal L, Theoreticat
Propeflant | 1000 +14 7 psia. | combustion chamber | Ingredients (listed in decredsing order of abundance)
weconds temperature, *f

S — — AP, R-A3MAPDI, Oxamede DOA, AL Oy HX-752, carbon

a AP, R-ASM, RDX, D0, D01, 2rC, MX-752, DIYEHQ,
PCHPDA

" AP, R-ASMAPDYDOS/Agerite whiterAraidrte 6005 TET,

N 2tC graphnte

N - AP, R-ASMAPDH, DOA, graphite, FeF;, IrC, A0, HX-752
AP, Al (TPB, Oxamide, DOA, MoO,, dwn-epoxy fesin,
polybutadiene. tender additives (phenyl-8-

[s] - - naphthylaming; N N-bis(1 &-dimethyl pentyl}
paraphenylenediaming; thiodiphenylaming), chromuum
octoate

G Proprretary formulation: mtroglycenne, RDX,
nitroceliviowe. plastiizer. elastomer. additives

L — - AP, CTPH, Al ballstic moditiers

Q AP, Al HMX, R-45M. DOA, IPD1, HX-878, QDI trphenyi
bismuyth

A standard U.S. test is the slow cook-off test based on WR-50 and DOD-STD-2105 (Navy)
(1982) and most recently described in DOD-STD-2105A (1989 draft) in which the air surrounding the
test item is heated at a rate of 6°F (3.3°C) per howr until reaction occurs. To save tdme the test may
begin with the test item preconditioned 10 a wmperature 100°F (55.5°C) below the predicted reaction
temperature.

The test equipment (oven) is required to be capable of providing a conwolled thermal environment
for the test item with temperature increasing at the required rate throughout the test. Its design must
minimize hot spots and ensure (by circulation or other means) a uniform thermal environment to the
itemt :zlgg tested. A means of avoiding gradual pressure buildup in the test equipment must be
provided.

Numerous thermocaiples are used to monitor temperature throughout the test. As a minimum
thermocouples monitor air and case wall temperature, It is particularly valuable if thermocouples can
monitor internal positions in the motor wo. The test is normally performed with motor nozzle covers
securely in place.

At the Naval Wea Center one or more external video cameras are used to monitor the test and
provide an estimate of the reaction violence. Recently an intemal video camera (considered
expendable) has been added 10 observe the nozzle end of the wsted motor for exudate and the locaton
of ignition. A stee] witness plate positioned beneath the test item (and possibly outside the oven)
helps assess the reaction violence. A blast overpressure measuring system is also used to assess the
reaction. The reaction violence is determined by assessing the various measurements described above
as well as the post test conditdon and position of recoverable test item material.

This large scale slow cook-off 1est is not an obvious analog of any particular operational scenario.
The test conducted is identical w that originally specified in WR-50 for determining the temperature at
the case-liner interface when reaction occurred. In WR-50 the requirernent was that reaction not occur
until the case-liner interface exceeded 300°F. The recently adopted U.S. “Insensitive Munitions™
requirement for slow cook-off is that no reaction more violent than burning occur regardless of the
temperature and time during the test.

Because rocket tmotor reactions in the slow cook-off test are usually cor siderably more violent
than burning, the Naval Weapons Center recently studied the cook-off behavior of four different
rocket motors at heating rates of bath 6°F per hour and 75°F per hour. The higher heating ratc was
chosen because analyses have shown the possibility of thermal scenarios with such a heating rate,
The four motors studied all appeared 1o detonate at the lower heating rate, but at the higher heating raie
two of the motors had much Jess violent reactions (at least approaching burning) while the other two
resulted in at least partial detonations. It is interesting (o note that the two propellants (one HTPB/AP
and one CTPB/AP/Al composite) that reacted more mildly at the higher heating rawe expand in volume
considerably at temperature slightly below their slow cook-off iemperature so that the reaction finally
occurs in 2 semi-rigid foam with a density between 50 and 70% that of the original propeliant. The
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two propeliants (one PU/AP/AI composite and one HMX/RDX-TMETN/BTTN-PEG/PCF) that
detonawd &t both heating rates liquify prior o reaction in the slow cook-off test. Further thermal
studies of these behaviors are ongoing.

Explosion Temperalure

A blasting cap containing ﬂ\:energeocmatmal,xsnmrscd!oaﬁmddcpm in a bath of molten
Woods' metal (NAVORD OD 44811, 1972). The time of immersion required to cause flashing or
explosion is noted. The temperature of the bath is varied and a number of tests are madc in order to
produce smoke, fume flashes, or explosion over a range of approximately 2 to 10 seconds. A

Iemperature-time curve is constructed in order to finalize the emperature required to cause flashing or
explosions in § seconds.

Another typical examnple of a large scale slow cook-off st is a test performed on a Penguin
Warhead (Slumsu: and others, 1984). The warhcad was placed in an oven, see Fig. 41, and the
temperature of the air was raised about 3.3 K/hour to simulate the temperature rise in the interior of a
store house adjacent to a8 burning store-house. From the results, it became clear that if the warhead
tase is not gas tight, a violent reaction carnot occur (cf. Fig. 42) Instead the contents of the shell
(TNT/RDX/Wax) did melt and were found on the floor of the test stand.

electricnlly
griven fon

sealable inner !
contoiner

heating
elements

warhead ~— +-

thermecouples measuring

a aittemperature

b exteror wall
temperature

¢ intersr wall
tempercture

Fig. 41. Heating Facility for Slow Cook-Off Test.
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Fig. 42. Slow Cook-Off Test. Temperature measurements.
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5.1.8. East Cook-Off Tests

In the fast cook-off wests the propetiant, motor, or munit‘on is subjected 1o rapid heating usually
from direct flame impingement, as in a fuel fire wst,

5.1.8.1, Koenen 1est

The sensitivity of solid and liquid substances 1o the effect of intense heat when under partial and
defined confinernent is wsted by the Koenen test. The method yields quantitative results in the form
of the limiting diameter of an orifice, as indicated below.

In summary the substance is tested as follows. A cylindrical sieel tube (height 75 cm, inner
diameter 24 mm) is filled with the substance 10 a depth of 60 mm. The top of the tube is closed by a
stee| orifice plate with an aperture which can be varied in diameter (1 10 24 mm). The tube is heated
by four burners under standard conditions. As the tube is likely to be destroyed during the test, the
heating is done in a protective steel box. The burners are located at three sides at the bottom of the
box in a position, which optimizes heating of the tube. The decomposition gases may destroy the tube
(bursting pressure several hundreds of bars) depending on the diameter of the aperture of the orifice
plaie. By testing the substance with series of aperture diameters the largest diameter for which the
tube is destroyed in at least three fragments is determined. This diamerer is called the limiting
diameter. Its aperture area is a measure for the effect of the decomposition of a matcrial under severe
heating. Some typical results taken from Recommendations on the Transport of Dangerous Goods
(1986) are shown in Table 16. This is an official test for UN classification for transponation of
dangerous goods.

Table 16. Example of Results.

Substance Limiting Diameter
(mm)
2.4-dinitrotolucne 99%, cryst. 1
1,3-dinitrobenzene cryst. 1
Ammonium nitrate high dens. prills 1
Ammonium nitrar low dens. prills 1
Nitroguanidine cryst. 1
Guanidine nitrate cryst. 1.5
Cellulose nitrate dry 14
DB (NG/NC = 40/50) full cylinder <15
chips 0
Comp (AP/Al/binder = 65/16/18 full cylinder 12
chips 18
RDX/NG/AP/inder - 50/25/10/15 12
18
AP/picrite/binder = 75/10/15 l:
1
Cellulose nitrate dry, 13.4% N 20

5.1.8.2. Thenmal Detonability (Fast Cook-Offy NOWC (U.§.)

This fast cook-off test for explosive boosters and main charge explosives utilizes very simple
cook-off test apparatus. It consists of a fire pan filled with standard JP-5 jet fuel and a cook-off bomb
containing the explosive to be stndied. The bomb itself consists of a standard 3.8 cm long 2.5 cm
internal diameter (2.5 inch long x | inch diameter) pipe nipple enclosed with two pipe caps. A
thermocouple is inserted through one pipe cap and attached to the inner surface of the bomb. The
bomb contains the explosive cylindrical charge, 25 mm in diameter and 25 mm long. The fuel is
ignited and the resultant temperature rise is recorded. The cook-off temperature and the effect of the
cook-off on the bomb is recorded. The cook-off temperatures reporicd here are those of the bomb
inner surface/explosive surface interface. Temperature increases at the bomb inner surface are usually
between 40°C/minute and 50°C/minute. Temperature at cook-off vs. heating rate can be determined.
Five levels of severity of reaction are observed in this test:

Level 1: Mild buming

Level 2: Mild pressure rupture
Level 3: Violent pressure rupture
Level 4: Partial detonation

Level §: High order detonasion

5.1.8.3. Eycl Fire Test

A standard U.S, test is the fuel fire (fast cook-off test) based on DOD-STD-2103 (Nayy) (1982)
and MIL-STD-1648(AS) (1982) (sec also NATO AC/310 5G 11 STANAG 4240: Fuel Fire). The
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most recent description of the tes1 is described in MILSTD-2105A. 1n this test an item is suspended
horizontally 3 feet (0.9 m) above the surface of a pit filled with JP-5, JP-4, JP-8, or JET A-1 jet fuel.
The flame wmperature is determined by measurements from four thermocouples (with tme constants
of 0.1 second or less) located 4 to 8 inches outside the ordnance skin (positioned on cach end and
side of the ordnance in a hotizontal plane through the ordnance centerding). The test specification
states that flame wmperature shall reach 1000°F (538°C) within 30 seconds afier ignition as measured
by any two of the thermocouples. An average flame lemperature of at least 1600°F (870°C) as
measured on all valid thermocouples (without contribution of the burning ordnance) is considered a
valid west, This temperature is determined by averaging the temperature from the time the flame
reaches 1OXK°F untl all ordnance reactions are completed. Reaction severity is determined from video
coverage of the entire test (usually from several distances and perspectives) and by post test
examination of the condition and positions of debris. Blast overpressure measurements arc valuable if
violent explosions or detonations occur.

The test site (fire pit) must be large enough 1o ensure complete engulfment of the test item by fire
for the duration of the twest. Generally complete engulfment can be provided if the pit dimensions are
at least 10 feet larger in all directions than the dimensions of the munition. In addition, the bumning
area of the pit must be at least 400 square feet (36 square meters) to ensure a full intensity fire. The
item is tested in the configuration appropriate to the logistic phase being duplicated by the test. Items
with rocket motors should be restrained 1o avoid launching due to a propulsive reaction. However,
the restraining and suspension methods should not interfere with heating of the item.

External conditions can have a major influence on the test results. For examnple even slight wind
can affect the flame temperature due 10 effects on flame wrbulence. Moderate wind or gusts can cause
imermittent or irregular heating as the flame whips around and sometimes fails to engulf the test item.
In cold weather the fuel is more difficult to ignile and growth 1o a full intensity firc may take several
minutes.

From observanon of a great many fast cook-off tests in the U.S. it is concluded that the motor
case is the predominant factor in determining the violence of rocket motor responses to the test. Case
materials, insulation, liner, atachments (including wings and fins), and design details all seem to be
more influential than the specitic prepellant enclosed. It seems to be impossible to predict the fast
cook-off response of a full-scale munition from subscale tests, Three-dimensional heat transfer
analyses may be useful provided all datails of the iested munition are modeled including all internal
and external heat paths of the fully assembled unit.

Some motor case designs, specifically steel strip laminate and fiber/epoxy composite, have consis-
enly yielded mild reactions because the heat of the fire causes the case to fail before ignition of the
propellant. Monolithic cases, on the other hand, have shown inconsistent results. However the incon
sistencies can be traced to differences in fire temperature or internal and external heat paths of the case.

Recently the Naval Weapons Center has added two refinements to the test that greatly increase the
information obtained. One of these refinements is the use of a heavily insulated video camera
positioned at the motor nozzle exit to observe the motor bore during the test. The other refinement
mvolved the use of a 9 MEV x-ray system operating across the fire pit during the test. Both of these
instruments have provided visual records of events ocenrring in rocket motors throughout the twest.

In Evans and others (1984) a description is given of the fuel fire experiments performed with
rocket motors produced by Royal Ordnance Summerfield consisting of a double base propellant
directly bonded to a casing manufactured following the strip laminate technique. The four trials ended
in motor bum out or mild pressure bursts. Also the results of some experiments with exposure of the
rocket motor 10 a burming propane torch are described.

5.2.1. inuredyciion

The transition of a combustible system from a nonreactive or very slowly reactive state to the state
of self-sustained combustion can either be effected by an external source of igniton or may originate
in the combustible system on its own, if the boundary conditions are in an appropriate range. This
latter process is callad autoignition or thermil explosion and has been dzalt with in Section 5.1 of this
AGARDeograph. Ignition is the beginning of every combustion process. Hence it mus: be handled
effectively when a controlled combustion process is 10 be initiated, and it must be prevented reliably if
accidental fires and explosions are (o be avoided. This process is also important in laboratory type
investigations exther 1o look into the igninon process wseif, or elsc to classify the sensinvity of propel-
lants with respect to planned or accidental ignition stimuli, to classify additives, or to assess the influ-
ence of external parameiers. Concepts such as minimum ignition energy or ignition temperatures have
been introduced in this manner, notions which have certain merits in spite of the fact that thewr
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meaning is equivocal and thet boundary conditions are imponant, which usually is ignored when
applying the data to other situations.

Sohid prupellant ignition is both @ process and the successful completion of that process. Asa
propeliant sample is externally heated, there is an incresse in the surface temperature and 2 baild up of
a thermal profile. When gasification of the sample begins, the gaseous products begin 10 react
exothermically. This heat release increases the gas temperature, and thus, the reaction rates. With
additonal heating and accumulation of gas phase species the flame will “snap back” to the propeliant
surface. At this point, the flame provides sufficient energy for propeliant pyrolysis, the external heat
source is no longer necessary, and ignition is complete. These processes are graphically illustrated in
the general log flux-log time, ignition plot shown in Fig. 43.

= EFFECT ON FLUX - GENERAL:
« WHEN AN ENERGETIC MATERIAL IS SUBJECTED TO A HEAT
FLUX (ENERGY INPUT) SEVERAL FROCESSES OCCUR

-~ - - - - -
"~ SUSTAINED COMBUSTION
. [EQUILIBRIUM ENERGY RELEASEI

LOG TIME

~

HEATING |

LOG ENERGY FLUX
« LOCATION OF THESE LINES (AND HENCE ENERGY RELEASFE)
DEPENDENT ON MANY VARIABLES

Fig. 43. General Depiction of Igaition Process.

o FIRST GASIFICATION
{ENDOTHERMIC OR MILDLY EXOTHERMIC)

For a given energy level {the dotted line in Fig. 43) a series of events are shown at various times
over which the sample is subject 1o the flux. For some initial 1ime, nothing appears 1o be huppening.
{f the energy flux is terminated during this time and the sample examined. no significant decomposi
tion of the exposed surface is seen. Figure 44 shows a sampie of a high energy propcllmr containiny
niwamine which was subjected to 200 cal/cm2sec for a time just prior to first gasification (evidenced
by “first light" detscted by a photediode). No significant reaction has occurred but a thermal profie
being established within the solid. 1t is not until the "first gasification” timse is achieved tha: the sam-
ple swans to significandy decompose. The {lux has established and deepened the thermal profile in the
solid uniil a swrface terperature is reached that causes significant ablation/decomposition at the sur-
face, For exposures slightly longer than the time necessary for this initial gasification, the sample
continues to gasify but does not ignite in the classic sense of ignition. That s, if the external eneryy
flux is removed, the sample will cease gasifying, the temperature profile in the solid will collapse. and
the sample will not combust. Figure 44b is a sample subjected to 200 cal/em?sec at a time just after
first gasification (as evidenced by "first light") and shows some decomposition of the surface, while
Fig. 44c shows another sample at 200 cal/cm2sec and a time just less than that required for "go/no-po”
ignition. This sample shows significant dcmmposmon Ignition is not achieved until the conditiuns
of flux-time associaied with the line indicated 15 "go/no-go ignition” on Fig. 43 have been achieved.
At this time, and for longer exposare times, the sample is ignited in the sense that if the external en-
ergy flux is removed, the sample will continue o burn by itself without the externul stimulus (Boggs.
ctal. 1984). There is another region of "overdriven” combustion--higher fluxes and steeper therma!
profiles, where removal of the flux will also cause ihe sample 1o extinguish (Ohlemiller, et al, 1972;.

Exposing a solid propellant 10 high energy levels may not be sufficient to initiate combustion. The
pre-ignition region is important in that it ts in this region that the solid has gasified into reactive
intermediate species (pyrolysis products), but these intermediate species have not reacted to final
products; thus seif-sustained combustion has not been auained. Unfortunately, many investigators
view propellant ignition as simply a switch based on & critical wemperarure associated with the surfuce
temperature of the solid. When sadsfied, an instantaneous change is made from a non-reacting inert
solid to burning at steady-state with fully reacted gases. While this criteria may be useful in some
cases of ammonium perchlorate-rubber propellants where the samples ignite almost immediately upon
vaporization, it does not mawh reality for all solid propelianis and test conditions (Boggs, et al, 1986).
In general, AP-based propellants tested at low flux levels and high ambient pressures show little or ne
detecable difference between ga/no-go and first lighYfirst gasification. Nitramine based propellants
under similar conditions, display significant pre-ignition behavior (Boggs, et al, 1984). Pre-ignition
behavior can be demonstated in the AP-based propellants by increasing the flux level and decreasing
the test pressure (Crump, et al, 1984).
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@) (b) (e)
Fig. 44, Nitramine Containing Propellant Exposed to 200 cal/cmZsec at (a) Prior 10 First
Light/Gasification, (b} Just After First Lighy/Gasification, and (¢) Ata Time Preceding
Go/No-Go or Complete Ignition.

Figure 43 is a generalized depiction of the ignition process. Tt defines three regions separated by
wo lines:

Inert heating region

First gasification line
Pre-ignition region

Go/no-go ignition curve
Seif-sustained combustion region

The location of these lines and their relationship to the described regions is dependent on many
vuriables. Propeilant formulation, external energy level, and test pressure all conmbute to the tmw
relationship between the establishment of the thermal profile and self-sustiined combusdon.

The process of ignition and the ensuing combustion proceads via a complex systerm of elementun
reactions involving many radical species. A full theoretical description of the combustion process
must describe the variation in space and time of all the molecular species involved. This may be done
by formulating and solving the conservation equations of mass, momentum, energy and of all the
species occurring for multicomponent, reactive flows, which in most practical cases are even
turbulent. The theory of combustion phenomena, hence, is based upon chemical thermodynamics.
chemical kinetics, ransport processes, and fluid dynamics. The reader, who wants to familiarize
himself with this field should consult the pertinent literature (e.g., Lewis and von Elbe, 1931, Mullinx
and Penner, 1959; Glassman, 1977, Williams, 1985; and Kuo, 1986). It is evident that even with the
largest computing facilities available these problems become easily untractable, particularly if
heterogeneous propellants are to be considered. Even if numerical solutions are used drastic
simplifications are necessary and even more so when closed form solutions are desired.

Concemning the process of ignition the state of the art is such that valuable information may stll be
gathered if considerably simplified systems are investigated. One exumple being the replucement of
the complex chemical kinetics by a one-step exothermic reaction with an Arthenius approximation fo:
the overall reaction rate. The ignition process is effectively considered then as 2 momentary imbalance
between energy production over energy loss. Even in this case the ignition provess remains complon
since flow, transport, and reaction processes must be followed in the different phases (solid. hquid.
and gas), and the space and time dependence of a considerable number of dependent variables
nemperature, pressure, flow velocity, and concentrations of fuel, oxidizer and products) must be
determined, taking into account the respective tluxes on the boundaries liniting tire different phases.
Of course, further simplifications may be inroduced, e.g.. limiting the reactions w the solid phase and
neglecting fuel consumption. Valuable information has been gathered 1n this manner.

The progress has been surveyed in various review articles which huve appeared at steady intervals
and the interested reader is urged to have a look at these (Kuo, 1986, Merzhanov and Averson, 1971,
Price, et al, 1966; Kulkarni, et al, 1984 and 1980; Hermance, 1984; and Williams, 1981). Also the
respective chapters of the books by Witliams (1985} and by Kue (1986) give a good introduction into
the problems encountered in dealing with ignition. the methods of solution available and the
information obtained in this manner.

Price has introduced a classification acconding to whether the reactions proceed in the solid, or in
the gas phase, or heterogencously on the boundary between both phases (Price, et al, 1966). In his
review paper, published recently, Hermance compares the results obtained in this manner, and he
comes to the conclusion that gas phase reactions appear to be of major impontance in the ignition of
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accounted for by the more simple models, but e.g. the effect of pressure and composition of the gas

phase can only be described correctly if gas phase reactions are taken into account. More recently

investigations have been gcrfmmcd simultaneously taking into account all the above described features
2

{Adomeit and Hocks, 19
Kumar, ¢t al, 1984).

, Bradley, 1975; Birk and Caveny, 1980 and 1983; Lengelle, 1975; and

The time as an independent variable may be eliminated if imiting conditions of ignition are
considered. In this case, only the steady state equations need 10 be solved. In this manner it is found
that under certain boundary conditions, i.e. for certain ranges of values of pressure, flow velocity,
and flow temperature either a nonfeacting state, or a state with fully ignited combustion, or both
simultancously may exist. The points of transition between these three regions denotes respectively
the points of ignition and quenching of the system when the above listed variables are vaned (Adomeit
and Hocks, 1982). Another well known example is the process of autoignition. The dependence of
critical dimensions upon temperature of the surroundings may be determined in this manner
(Merzhanov and Averson, 1971).

if the dime history of the ignition is 1o be followed the time dependent balance equations must be
solved. An important quantity, which may be used to characterize the temporal ignition behavior of
the system, is the ignition delay. It may be defined as the time interval required for the system to
reach the state of self-sustained deflagration counted from the moment when the ignition stimulus is
imposed. Though being conceptually clear the definition is usually of little use for experimental
investigations as well as for theoretical ones. So in practice it is replaced by various other definitions
which Kuo has classified (Kuo, 1986; and Kularni, et al, 1982 and 1980).

One concept which has been applied frequenty, is that of thermal runaway. If a combusdble
substance is ignited, e.g. by contact with a hot body, the material is heated by heat ransfer from the
hot body. In the initial phase the temperature profile in the combustion material is essentially deter-
mined by the heat conduction process. Only when the gradiemt of the temperature profile close to the
surface has become sufficiently small the exothermic reaction becomes important. if the temperature is
registered at some location close o the surface as a function of time this behavior can be followed.
Initially the rate of temperature increase, determined by heat conduction, slows down with time and
only when the reaction becomes important it accelerates and thermal runaway sets in. I a precise
definiton of ignition delay is desired, this becomes difficult again. Only for the particular case of
simplified analysis, where the reactant consumption is neglected and the Arrhenius law for the rate
term has been expanded making use of the fact that the activation energy is large, the temperature of
the system goes indeed to infinity. The amount where this occurs is clearly defined. For more
detailed models the definition of ignition delay has to resort to other coneepts (Kuo, 1986; and
Kulkami, et al, 1982 and 1980). Fortunately there are many systems, where this difficulty appears 1o
be of minor importance, &s is discussed, e.g. in Williams, 1985; Kuo, 1986; and Kulkarni, et al,
1982 and 1980).

The source of ignition of a propellant is generally a source of energy and the forms of energy may
vary. They can be thermal, chemical, mechanical, electrostatic, electromagnetic. If thermal energy is
supplied to the propellant, e.g. by heat transfer from a hot gas flowing along the surface, or by contact
with a hot body, the energy is evenly distributed over all internal degrees of freedom of the substance.
It is this case where the assumption of a one-step exothermic reaction with an Arrhenius
approximation for the global reaction rate may well be appropriate. If the energy is supplied in a
different form the situation becomes more complicated. Chemical energy may be supplied in the form
of radicals or by hypergolic reactants, which react even at room temperatures with the fuel. To deal
with this situation the balance equations must be formulated taking into account a sufficiently complete
set of kinetic equations. The same holds when electrostatic or clectromagnetic energy is introduced in
form of electrons, ions, or radiation. It may, of course, happen that these forms of energy equihibrate
rapidly over all intemal degrees of freedom and become effective as a source of ignition only
afterwards. This, for example, is quite generally assumed when the ignition of a combustible gas
mixwre by an electric spark is considered.

In practical ignition systems the thermal energy prevails, In those cases, where this does not hold,
it frequently is assumed that the energy is dissipated into thermal energy which then induces ignition.
To enumerate the most important systems, hot surfaces and particles, electrically heated wires and
layers, hot gases flowing across the propeliant surface, radiant energy, ignition flames, pyrotechnic
igniters and electrical sparks and discharges should be mentioned. Laboratory systems also include
shock tubes, lasers, arc image devices and impact testers. Hazard situations may arise due to ignition
by external fire, penetrating objects or friction effects. ‘This enumeration should make clear that the
ignition process does not only depend upon the properties and the physical state of the propellant i be
ignited and certain global quantities of the igniter, e.g. the amount of energy added in ignition, but that
the initial and boundary conditions of the whole system considered and the type of ignition stimulus
applied, i.e. the kind of energy added and its spatial and temporal distribution, play an important roie.
Of course, concepts like balance between heat loss and heat produced by the combustion reaction,
therma} runaway, and minimum ignition energy have shown to be valuable tools in describing and
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understanding ignition processes. But for a reasonably complex system usually little can be done
falling short of solving a sufficiently complete set of balance equations taking due account of the
boungary conditions of the system to be ignited and of the ignition stimulus considered. This is the
reason why the following classification of ignition processes appears to be unavoidable.

To avoid some of the difficulties encountered in this manner, test facilities have been designed and
are in use in various laboratories 10 assess ignition properties of propellants, their sensitivity to
additives temperature, pressure, etc., and also the effectivity of certain ignition sources. The results
obtained in this manner are centainly very interesting and of value by themselves. If they are to be
applicd, however, to situations differing considerably from those investigated it must be expected that
unexpected deviations occur, which can only be assessed on closer scrutiny, The reader interested in
these facilities should consult the respective sections of the AGARDograph.

The classification of ignition chosen in the following is based upon the mode of energy transfer
and the type of encrgy added. This fact, of course, reflected itself in the pertinent types of experiment
and the form of balance equations and boundary conditions needed to obtain the solution.

Since the systems differ considerably and the results cannot be lumped together in a simple
fashion, certain illustrative examples are described more fully. In the review literature and the
monographs on combustion various other examples have been discussed in detail. They shouid be
consulted if further information is needed (Lewis and von Elbe, 1951; Mullins and Penner, 1959;
Glassman, 1977; Williams, 1985; Kuo, 1986; Merzhanov and Averson, 1971; Price, et ai, 1966;
Kulkami, ct al, 1984 and 1980; Hermance, 1984; and Williams, 1981).

5.2.2. Ignition by Constant Epergy Flux

This is a standard problem of ignition and it has served as a basis for developing approximate
solutions to the transient ignition processes. Its basic version consists of 8 semi-infinite solid. A
constant encrgy flux is absorbed at the surface and transported by heat conduction inside the body.
An exothermic reaction, proceeding inside the body, may lead then to ignition. The energy flux is
started at zero time and lasts for & given interval or up to infinity. This problem has been investigated
theoretically in a detailed manner, comparing numerical solutions with asymptotic approximations of
different complexity (Linan and Williams, 1971). The results have been published in various papers,
but their essential features are also described in the above mentioned monographs and reviews
(Williams, 1985; Kuo, 1986; Kulkarmni, et al, 1984 and 1980, Hermance, 1984; and Williams, 1981).

The process of constant energy flux absorbed at a surface is not easily accomplished
experimentally, The transfer of radiant encrgy by arc image or laser irradiation is the method which
has been a.pipliad most frequently. This radiation is absorbed in a surface layer of the propeliant, the
thickness of which depends upon the constitution of the surface and of the propellant, and the
frequency of the imadiation. The essential results have been compiled in the references mentioned
ahove (Kuo, 1986; Kulkarni, et al, 1984 and 1980; and Hermance, 1984). More recently various
complications of this process have been discussed. Strakovskii (1985) points out that propellants and
explosives may be transparent to certain frequencies of electromagnetic radiation. In this case the
absorption by inhomogenities and inclusions becomes important, leading to hot spots inside the body,
and inducing ignition of the type described in Section 5.2.5 of this AGARDaograph. For this reason
arc image samples are usually coated with materials like ZrC 1o absorb the visible radiation at the
surface rather than in depth. CO; lasers are often used because at 10.6 mm wavelength most
propellants are opaque. Recent findings indicate that gas phase reactions must also be included if all
observed trends are to be explained (Kumar, 1983).

A radiant energy source is used for ignition testing because of the ease of controlling and
reproducing the energy flux and the exposure time and because a majority of the energy is absorbed at
the propellant surface or at a coating on the propellant surface.

A schematic of a xenon arc image furnace ignidon system is shown in Fig. 45. A xenon arc lamp
is focused via mirrors to a primary and secondary focus. The propeliant sample is mounted in the
combustion chamber with its surface located very close to the secordary focus. The xenon light
enters the combustion chamber through a 3-inch diameter quanz window. Normally-open and
normally-closed iris leaf shutters are located at the primary focus. The shutiers (open/close) are
controlled with an event sequencer. The length of sumple exposure is determined by a photodiode
located near the combustion chamber on the system axis, viewing the shutier assembly. A light
sensing photodiode, located so that the optical axis is aligned paralle] with and approximately 1/16-
inch above the sample surface and looks across the center of the sample, is used 10 detect first
gasification/first light (Hightower, 1967), Maximum working radiant energy level achieved on this

instrument is 100 cal/em?sec.
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Fig. 45. Schematic of Xeron Arc Image Ignition System.

Further examination of Fig. 45 reveals a highly divergent incidence angle for the radiant energy
delivered to the sample surface. To accommodate this highly divergent beam, a large diameter (3-
inch) quartz window is needed in the combustion vessel, This large, unsupported diameter limits the
working pressure of the vessel to 250 psia. As the propellant sample surface regresses due to
pyrolysis, the amonnt of energy delivered o the surface of the propellant being tested changes.

A schematic drawing of a CO; laser ignition sysiem is seen in Fig. 46. This system is composed
of the energy source, external elcetronics, and ignition apparatus. The encrgy source consists of &
Phaton Sources Model 300 CO; laser. The laser is average rated at 450 watts. The wavelength of the
laser is 10.6 pm, The externul electronics provide pulse control and record test daia, The ignition
apparittus contains the combustion chamber vith sample holder, lens system, and chopper wheel.
Laser light passes through a tong focal length lens system to decrease overall beam diameter. The
chopper, located at the focal point of the lens system, provides a square energy pulse. The laser beam
enrrs the combustion chamber through a ZnSe window and strikes the propeilant surface, First
lignt/gasification is determined as described for the xenon arc image furnace. Output from the
oscilloscope includes length of laser pulse, first light photodiode, and calorimeter output.
Electronically gated pulsing coupled with the external chopper wheel rotation, control sample
exposure time. The minimuin working radiant energy currendy being used on this system is 50
calfcm2sec. Currently the laser will not operate in a stable mode at lower energy levels. The
maximum energy currently being used on the laser system in 200 cal/em2sec--well below the
maxitnum energy output of the laser system.
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Iiig. 46 Laser lgnition Schematic.
While efforts have been made to keep the CO» laser and xenon arc sysicms as similar as possible,
wo fundamental differences remain that should be noted: (1) the wavelengths of the incident radiation
and (2) rise time of the radiation impinging the sample,

The spectral distribution of energy radiated from the arc is broad band. Most of the energy lies
between 0.3 and 1.1 un with several peaks in the near infrared between 0.8 and 1.0 um (Hightower,
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1967). Radiant energy from the CO7 laser is monochromatic with the energy being randomly
polarized at 10.6 um.

Ideally, the radiant sample exposure time should be an instantaneous step function; practically, this
cannot be achieved, Arcimage sample exposure time is mechanically controlled by two iris Jeaf
shutters. The arc image shuner "opening” function cumrently averages about 3.5 msec and is being
mathematically described by a sine function.

The timing mechanism on the laser system also experiences, albeit shorter, a measurable rise time
for the incident radiation to reach the propellant surface. A rotating chopper system was installed in
the laser system to remove non-uniformities in the leading edge of the laser pulse. A two-tine 90%:
transmission aluminum wheel rotates and chops the laser beamn at the focal point of the lens system. A
photo transistor monitors the wheel position, triggers the laser on and starts a timer when the wheel
eclipses the laser bearn. The timer turns the laser off after a controllable interval, and the width of the
laser pulse is equal to the delay between the wheel in eclipsing the beam and the timer shutting off the
laser (Zurn and Atwood, 1981). A chopper wheel delay of 3.2 msec was used for these tests. The
rise time of the laser system currently averages 130 msec and can be mathematically described by a
versine function. As the chopper blade exposes the laser beam, the energy quickly builds to a
maximum.

The radiant encrgy level for borh systems is calibrated with an asymptotic calorimeter located in
the propellant sample position in the combustion chamber. An effective flux level can be determined
to account for the "opening” function of either instrurnent.

A series of ignition tests is run at each energy level and pressure. Once the general ignition region
has been established, a go/no-go scheme is run using equally spaced exposure times in an up-and-
down procedure of testing. Fifteen to 17 individual tests are usually run at cach energy level to
establish each go/no-go point. first light, or the point of detectable first gasification is an average of
the measured photodiode output of each ignitability test.

Arc image propellant samples are coated with Zr(” powder to provide a more uniform absorptivity
for arc image propellant ignition test samples (Fleming and Derr, 1975). Variations in absorptivity ane
+ introduced by the nature of the ingredients in a given formulation. Sample coatings of ZrC are
employed in the laser systern as well, to maintain sample uniformity between the instruments. It has
been found that the presence of the ZrC! coating enhances the first light/gasification signal.

Typical Resul

The effects of flux, depicted earlier in a general fashion, and of pressure are shown in Fig. 47 for
a predominanily ammonium perchlorate-HTPB binder propellant. T%C effect of flux is clearly seen for
the first gasification line and the various go/no-go lines. The region of pre-ignition reactions
discussed earlier (the difference between first gasification and ge/no-go lines) is clearly evident for the
50 psia case, as is the diminishment of the pre-ignition region with pressure increase to 100 and 200
psia.

Similar bchavior, but with cven more pronounced pre-ignition behavior, is shown in Fig. 48, the
ignition map for a cast modified double base.

Similar ignition plots for an ammonium perchlorate-aluminum-HTPB propellant is shown in Fig.
49. Note in the figure that the low pressure go/no-go curve is for 1 atm (not 50 psia as in the previous
plots). The reduced pre-ignition region for metallized ammonium perchlorate based systems is further
lustrated in Fig. 50; the ignition map for a propellant with a high percentage of solid ingredients
ammonium perchlorate-aluminum-HTPB system. The effect of composition is further illusrated in
Fig. 51 where the igniton maps for a modified cast double base propellant and an ammonium
perchloiate-aluminum propellant ignited at 100 psia are plotted. The pre-ignition weglon is much leas
ior the AP based propellant.

The implications of the pre-ignition region on deflagration to detonation transition and other
transient combustion related hazards has been discussed in Boggs, et al (1982), Price and Boggs
(1983), and Isler (1988).
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5.2.3. Ignition by Conyssiive Heat Transfer

If a propellant surface is subjected to the cross flow of hot gases, it is heated and may ignite. This
process 1s of considerable practical relevance and is realized in many ignition sysiems, ¢.g. ignition by
a pyrotechnical igniter, by a pilot flame, by the hot gases of an accidental fire or in the laboratory by
the flow across a propetlant surface induced inside a shock tube. Since this process is also of basic
impontance, it will be discussed in some detail. The most simple case is that of a stagnation point flow
of a hot inert gas impinging upon a propellant surface. Figure 52 gives a schematic representation of
the system considered, The flow of the hot gases impinges perpendicular to the propellant surfaces
located at y = 0 and is directed in Fig. 52 opposite to the y-axis. The propellant is heated by heat
transfer and decomposes according to the reaction

solid — A1+ A (5.17)

with a rate law

t=psB T,  exp{-E,/RT,). . (5.18)

The initial products A and A7 are further heated by mixing (diffusing) with each other convectively
with the approach flow and react exothertnically according to the rate law

PYA L Jp YA,
ofe ]

(5.19)
to form the product species B and Bg
Ay +A3— B +8B; (5.20)

solid -
propailant -

Fig. 52 Stagnation Point Region of Monopropellant
Surface Burning in Inert Gas Crossflow.
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The transport processes occurring are described by the heat conduction equation inside the solid and
by the boundary layer balance equations in the stagnation point flow field. they take the following
form (Adomeit and Hocks, 1982) for

mass

av

=0, (5.21)
momentum

2Vfqn - (fggdn - (pe/p - In2) =0, (5.22)
energy

2wo,- L (F s § whge T =0 :

Ve \pr TG T e (5.23)

species i

ZVYin + Jm - W;=0. (5.24)

Here V denotes the velocity perpendicular to the surface, 1 is the dimensionless boundary layer
coordinate perpendicular to the surface, f is the stream function, (fy = df/dy = u is the velocity parallel
10 the surface), 6 is the dimensionless temperature, Y; the relative mass fraction of species i. The
terms in the energy equation represent, in the order as listed, the convective transport, the heat
conduction, the energy transport by diffusion of the different species and the thermal energy liberated
by the gas phase reaction.

These steady state equations have been solved in closed form for the limiting cases of infinitely
fast and frozen gas phase reactions, and numerically for the general case of finite reaction rate
(Adomeit and Hocks, 1982). Taking the kinetic and caloric data of ammonium perchlorate the results

shown in Fig. 53 have been obtained. In this figure the dependence of the combustion rate m upon
the free flow velocity (here represented by the velocity gradicnt a) is shown for a free flow
temperature of Te = 805 K. The curve displayed in the center refers to the general case of finite gas
phase reaction, which is of interest here. It possesses the shape of an "S", which is characteristic of
systems which may be ignited. One sees that at low free flow velocities (at this elevated free flow
temperature of Ty, = 805 K) a solution with a high value of burning rate m is established. Increasing
the flow velacity, ie. increasing a, the solution shifts to the right passing through the points Ay and
Az, and in Q the solution jumps from the upper branch to the lower one with a considerably reduced
rale of mass ablation rate m. In the point QQ, hence, the combustion process is quenched. 1f now the
velocity is decreased the solution moves initially along the lower branch with a low rate of m. 1n the

paint I it jumps again 1o the upper branch with high combustion rate m, the system ignites.

. SeiTied b
bountary
sayur

o proties

/’l/ .nl\!n l o
o le
6 8 10 12 14 16 18
A ng -‘:;{)
; Fig. 53. Dependence of Buming Rate Upon Velocity Gradient:
v Closed-Form Limiting Solutions, Numerical Solution for p = 5 MPa.




That in the points I and Q indeed the homogeneous gas phase reaction is ignited respectively
quenched becomes clear if one looks at the lemperature and reaction rate profiles inside the gas phase
boundary layer shown in Fig. 54 and Fig. 55 for the different states of the system denoted by A, Ay,
Q. Iand Cin Fig. 53. Various features are noteworthy. Comparison of curves I and C shows that at
the point of ignition the temperature distribution differs only shghtly from the convection controlled
profile C and the rate of homogeneous reaction at the point of ignition is still at a very low level.

96 T
4 ° j lI 1 ' Te - BOSK }

088 [ ~—m- 1473 c—n?,— [T P A T

e G R

—
1361 1AL
N 2’,,‘_

0 56_{g—=1

g4 {7 T T

040 o
0 1 2 3 4 5 6 H

Fig.54. Boundary-Layer Profile of Temperaxuré.

!
demd
|

100§ s e rm e o e ——
Tp - 805K
W
¢ p-5MPa
& —
80
' _8_
M 1470 e (a,)
40| =\~ :
|_ 1361 {ay)
. \_ L1074 @)
\ L0086 ()
A
o -
0 01 02 03 04 LT

n
F1g.55. Boundary-Layer Profile of Rate of Gas-Phase Reaction.

Curves Ay and Az denote fully ignited states, where the premixed flame is stabilized in front of the
body. The temperature 6 reaches its maximurn value at a location of n of about 3y = 0.3. In the point
of quenching (curves Q) the temperature has decreased but not that much as might have been
supposed. The size of the gap between the limiting states I and Q is quite considerable. It depends
upon the free flow temperature Te and becomes smazller with increasing values of T, as may be

gathered from Fig. 56, where the burnig rate m is plotted versus the velocity gradicnt a for various
values of the free flow emperature Te. The quench and ignition limits are shown as dotted curves.

Eliminating m from the lower dotted hine the critical condition of ignition Te; = T (a) is obtained,
which gives the free flow temperature Te needed for ignition in dependence upon the velocity gradient
a, i.e. as function of the velocity of the free flow ve,

It is also interesting to note that for higher values of T, the combustion rate curves m = m(a) lose

their "8" shape character, the transition between low and high values of m becomes continuous and
points of igniiion and quenching can no longer be defined. This fact is notewotthy in particular with
respect to the discussion given above concerning the definition of the ignition delay, since in this
region no "thermal runaway" will occur,

These results give a clear picture of the interaction between the flow with its characteristic
parameters a, Tg and p, the exothermic combustion reaction procecding in the gas phase, and the
decomposition of the prupetlunt al the surface. That the gas phase processes are indeed responsible
for the ignition of propellants by convective heat transfer has also been established experimentally by
ignition experimens performed in shock wbes (Birk and Caveny, 1980).
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5.2.4. Jgaition by Hot Surfaces, Lavers and Particles

This is an important group of ignition stimuli present in many practical systems. Hot particles
form part of the multiphase flow issuing from a pyrotechnic igniter and appear to contribute
significantly to the ignition of solid rocket fuels and gun propellanis. They may act as single particles,
but also the formation of a layer is conceivable when their number is large or when condensation
occurs at the propellant surface.

Also in hazard situations hot surfaces in contact with propellants may act as sources of ignition,
the primary energy being provided thermally or also by friction. Furthermore ignition devices have
been designed consisting of wires or metallic films, which are heated by electric discharge and serve
as sources of ignition. Also the "Thermal Step-Test" belongs to this group (see Section 5.1.5). This
latter has been used to determine the ignition characteristics of propellants (Schrader, et al, 1484). In
this test a small steel tube filled with the explosive is heated in a very short time interval by a capacitor
discharge. The induction time which is the time lapse between the heating pulse and the moment
wher: the tube is ruptured, is measured as a function of tube temperature. Induction times as short as
50 p.s have been measured at temperatures up to 1400 K.

A theoretical treatment of the related problem of ignition of a reactive solid exposed to a step in the
surface temperature has been given by Linan and Williams (1979). The results obtaincd make use of
an asympiotic expansion and agree with numerical results if the activation energy is sufficiently large
The model considered assumes heat conduction and an exothermic reaction inside the solid. Gay
phase reactions are neglected.

To overcome the ensuing limitations, Adomeit and coworkers have investigated the case of a hot
solid layer of thickness d brought into contact with a propellant surface. The propeliant is heated by
conduction and pyrolizes according to Equations (5,17) and (5.18) given above. The gases evolved
form a gas layer between the propellant surface and the heating solid, reducing the heat flux to the
propeliant. At the time the temperature of the hot solid layer decreases due to heat conduction. Inside
the gaseous gap the exothermic gas phase reaction described by Equations (5.18) and (5.19) may
induce ignition, which occurs as soon as the gap width reaches a sufficient size under the condition
that the temperature of the heating solid is still high enough. This problem has been investigated by
solving the pertinent nonsteady state balance equations numerically, neglecting fuel consumption,
which is justified in many cases up to the moment of ignition. Some of the resulls are represented in
Figs. 57 through 59. Figure 57 shows the ignition delay tj in dependence upon the initial lemperature
To of the hot solid layer. Parameters are the thickness of the solid layer d and the pressure imposed.
Kinetic data of a typical mono-propeliant have been used. The igniting layer was assumed to consist
of B03. The solid curves give the dependence of ignition delay & = 1j(To,P) for infinite thickness
of the layer. As expected, with increasing temperature To, the ignition ¢slay decreases rapidly. For
finite thickness d the dashed curves are obtained which below a certain iemperature deviate from the
ignition delay obtained for infinite thickness. It is also interesting tw note that these curves, obtained
tor finite thickness, terminate at certain values of temperature and ignition delay. Below this
temperature ignition cannot be effected anymaore.

The minimum ignition temperatures Tj min belonging 10 these terminal points have been plotted in

their dependence upon the thickness of the solid layer d in Fig. 58 for copper and boron oxide as the
heating materiuls. It is seen that the temperature just leading to ignitior may be lower for copper. The
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energy contained under these conditions in this layer, which is a kind of a "minimum ignition energy,”
is plotted in Fig. 59 again versus the layer thickness d. Whereas the minimum temperature required
for ignition decreases with the layer thickness, the energy stored in the layer increases. Qualitatively
similar results have been obtained for hot spherical particles (Adomeit et al 1987).
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5.2.5. Ignition by Impact, Friction, and Fracture

The ignition by impact and friction is certainly an important mode of ignition under hazard
conditions. The processes involved are complex and since the relevance of these concerning regular
ignition is limited, only partial progress has been made in the understanding in these processes. In the
following. recently performed investigations are described which should be consulted if detailed
information on the topics considered 1s needed.

Impact

Although some researchers point out that tribochemical or molecular fracture mechanisms may be
responsible under certain conditions for an ignition by impact it appears to be generally accepted that
in most cases the initiation is thermal in origin, The compression and adiabatic heating of gas bubbles
has been put forward as a possible source of ignition by various workers, whereas it was rejected by
others. Other mechanisms proposed are heating by viscous flow between impacting surfaces or
between grains, friction between surfaces or grains of the material in relative motion, or localized
adiabatic deformation in regions of mechanical failure.

Swallow and Field (1982) impacted samples of explosives with a falling weigheinvestigating the
effect of added particles to the explosive samples. Whereas Bowdon and Gurton (1949) have shown
thut for hard, high-melting point particles the "hot-spot” temperarure is usually conuolled by the
melting point of particles, Swallow and Field (1982) have found that also relatively soft, low-melting-
point polymers can sensitize samples of explosives. Polymers that sensitize appear to be those that
fail catastrophically either by fracture or localized adiabatic shear bands and that possess low vahies of
specific heat, of latent heat and of thermal conductivity. As has been shown by infrared radiation
measurements the temperature of the hot spots produced during rapid deformation car greatly exceed
the polymer's softening point (Swallow and Field, 1982), The authors have aiso shown that it is
possible to successfully predict whether or not a polymer will sensitize an cxplosive by examining its
mechanical and thermal properties. In a scrics of experiments Andersen and coworkers (Anderson
and Louie, 1979; Anderson, et al, 1979; and Anderson and Stillman, 1983) investigated the ignition
of propellants by projectile impuct varying the impact velocity, the mass and the dimensions of e
projectiles and the composition and structure of the propeilants. It was found that above a certain
ignition threshold deflagration is initiated. If the impact velocity is increased further, detonation is
initiated. For small projectilc diameters these two threshold curves merge, such that with projectiles
of smaller diameter a deflagration cannot be established. For single, double and triple base propeliants
the same type of behavior was found (Bowden and Gurton, 1949).

An investigation of the effect of particle size and porosity for the same propellant, used in the
work of Anderson and Louie (1979 is described in a third paper (Anderson and Stillman, 1983). The
porosity sensitized the propellant to both deflagration and detonation at large projectile diameters, but
the effcct was relutively small. At small diameters the effect was negligible. The increase of panicle
size of HMX by a factor of 22 when it is imbedded in the polymethane binder has a very pronounced
eifect on sensinzing the propeilant atail projecuile diameters.

In another, theoretical paper Anderson (1980) postulates a madel based on the fomm}ion o_f hot
spots to explain some of the described experimental resulis, A more detailed theoretical investigation
is performed by Dubovik and Lisanov (1985), who calculate the heat production rate inside shear




bands assumed to occur in impulsively loaded explosives and formulate in a global manner an ignition
criterion, which appears 10 agree with experimental results,

Frict

As mentioned above friction is considered to be one of the possible causes of ignition by impact.
This process has recently been investigated by Amosov, et al (1979), who consider a rough solid
surface gliding over the surface of a propellant. If the pressure is not too high, the local area of the
points of contact is only a small fraction of the nominal contact area. In this case the process of
friction leads to a considerable rise of temperature at the actual points of contact while the temperature
of the rest of the surface remains Jow. Amosov considers a strip of width d sliding under a pressure p
and with a given velocity v over a propellant surface. The reaction leading to ignition is assumed to
proceed initially orly inside the solid propeilant. The resulting boundary value problem is solved
numericatly giving the temperature distnbution inside the propellant, with d, v, and p as parameters.
An ignition criterion is derived taking into account the essential parameters of the problem, as velocity
v, pressure p, activation energy E, thermal diffusivity a, and others.

These results were applied to the ignition of various types of propellants. Taking into account the
hardness of these substances it tumns out, that ignition would be achieved only for pressures where the
contact surface becomes continuous and equal to the nominal area. Hence the considered mechanism
of friction and ignition will not prevail for the usual soft propellant. The authors, however, maintain
that an explosive with high melting point and high hardness, such as lead azide, may be ignited as
described at isolated points of contact.

Gomez and Wake (1985) consider the case of a propellant sliding with friction across an inen
surface assuming the heat produced to be a given constant. Taking into account a global exothermal
reaction inside the solid they derive ignition criteria for different propeltant slab configurations.

In fracture, the initial chemical processes causing ignition take place in the solid phase. In
substances consisting of one chemical component, crack propagation can rupture the molecular or
intermolecular bonds (depending on the crystallite size). This rupture resalts in strong thermal effects
on the tip of the crack and negligible electric and surface effects on the crack boundaries. For the
intcresting substances, exact data are not available. The energy liberated by a crack may be of the
order of 1 kJ, the electric effects on the boundaries may be of the order of 1 MeV (10-17 T). Both data
are given only to indicate the order of magnitude, not to discuss the values themsulves or to the
parameters on which they depend. The resv!t of fracture effects was studied investigating single and
multicrystals of high explosives. PETN, for example, shows local chemical decomposition, but no
initiation of explosive reactions. Neat explosives are unsuitable as solid propellants; no direct
observations of fracture effects concerning solid propellants have been reported, so it can not be said,
how important are the discussed effects for solid propellants. In composite substances crack
propagation normally divides the components. Neat substances including large crystallites or defined
limited regions of material can be divided by a crack along the internal borderlines. In this case
iriboelectric effects on the boundaries may become important. Fracture can also induce gaseous
electrical breakdown in the cruck.

This electrical breakdown induced by mechanical fracture can be regarded as the inverse effects 10
the "electrically induced fracture”. The current in the breakdown is of the order 1 mA, the energy may
be of the order of 1 J. This energy is in a range, in which ignition by electric sparks can occur.
Probably it is this effect which causes the ignition of composite propellants during fracture in the
maodified spigot-test described below.

In a sequence of publications Kumnar, Kuo, et al (1980 and 1982) have investigated experimentally
and theoretically a gas dynamic ignition phenomenon occurring in cracks and holes inside propellants,
These researchers noticed that under rapid pressurizaton rawes of about 104 MPa/s anomalous ignition
occurred near the crack tip region. High-speed photography showed clearly that the tip of the crack
ignites before the convective ignition front propagates from the crack entrance to the tip. Hence under
this condition two flame fronts are observed, one propagating from the crack entrance and the other
from the crack tip.

Further diagnostic experiments revealed that the initial luminous zone near the crack Gp is caused
by combustion of unreacted species from the igniter system. Thin film thermocouple measurements
showed that high heat flux values occur, which are due 1o heating by the compression wave reflected
at the closed end, due to the heat release when the unreacted igniter species burn near the tip behind
the reflected compressive wave, and due to enhanced heat ransfer by recirculating gases in the tip
region. The combined effect of these processes ignites the propellant at the crack tip.

83



Itis conceivable that in the combustion of a fractured or perforated propellant, numerous ignition
regions can be generated in this manner, giving rise 1 further rapid pressurization which in wmrm leads
to new ignition kernels, ending finally in catastrophic failure of the system. in Kumar, et al (1982),
they have presented a convincing experimental investigation of this process and solved a detailed
theoretical model by numerical methods leading to good agreement between measured and predicted
ignition delays in cracks. It is noteworthy that the phenomena described display a strong similarity to
the processes observed under knocking conditions in gasoline piston engines.

German $pigot-Test
For investigation of fracture in solid propellants, its effects and its governing parameters, a

maodified "Spigot-Test” is used in Germany (see also Watking work at Imperial College, London).
The scheme shown in Fig. 60 illustrates the test.

Fig. 60. Schematic IHlustration of the Spigot Test.

A secton of a true rocket motor or of a model is placed on an anvil. The bottom side of a metal
block is equipped with one of the three “spigots": slender cone, small edge or rounded plug. The
metal block falls from a determined height and the spigot meets the rocket motor section. The result is
observed visually. Most successful in causing fracture is the cone, when even penetrating into the
grain of the propeliant. An ignition by cracks depends on a series of parameters. The most important
are:

Type of propeliant - the propellant must ~nntain at least two different phases. Ignition occurs,
easily in highly-filled composite propellants AN/AL/HTPB.

Shape, confinement, liner - Ignition is favored by inner boreholes in the propellant grain, strong
but elastic confinement, and a good connection beiween grain and confinement.

Thermal and mechanical history, internal stresses - Reversal of load and temperature create internal
stresses in the propellant.

Sample temperature. brittleness, test temperature - The cooler the sample, the more britde the
propellant. In a britde matenal cracks arisc easier and in a greater numuer. This and a great difference
between the iemperature of the sample and the st set-up favor ignition. Other parameters, e.g. the
exact chemical composition or the energy of the penetrating spigot are of smaller importance for the
Ignition process.

The ignition itself is 8 complex process. A typical development of an ignition in a section with an
inner hole is as follows: During ti¢ penetration a flash lights up on the place of penetration, spreads
along the liner and extinguishes. After some tenth of a second smoke and/or flames appear at another
place and disappear, This phenomenon repeats at further places. After a relative long time (in the
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magnitude of seconds) if there is no extinguishing, the propellant grain burns self-sustained. Ateach
of the ‘ntermediate stages, the process can extinguish without any further reaction.

A very similar response was observed in projectile-impact trials, in which the delay time was 1 or
2 5 between impact and ignition. ‘There are two different possibilities to explain this behavior. In the
projectile impact trials only unconfined solid grains of propellant and shaped grains in metal
confinement have been tested. In the first ones the described ignition phenomenon was not obsetved.
but in the second ones it was. Consequently it may be attributed to spallation of the metal confinement
and thermal ignition by spalled particles.

In the German Spigot-Test, the same phenomenon occurs with metal or non-metal confinements
but strongly depending on the shape of the grain and the temperature, Therefore the explanation of the
phenomenon in werms of fracture effects seems to be applicable. Final ignition is a consequence of
relaxation and cumulation effects in the formation of cracks and ignition centers. The discussed
ignition behavior is of great importance in hazard research, A tip of a heavy object or a projectile can
penetrate into a rocket motor, without external visible conseguences. Seconds later, the motor burns
up.

RARDE Spigot Drop Test (UK)

This test is used for assessing the hazard associated with dropping a rocket motor on to a steel
spike or rail. The standard version of the test uses a mild steel tube with a 1.5 mm steel cover plate
welded over one end. The spigot, loaded with a 45 kg weight, falls onto and pierces the cover plate,
cutting a disc out and pushing 1t into the propellant charge contained in the tube (Fig. 61). This test
also s used in a standard form for qualificarion of rocket propellants; in gencral ignition occurs if the
propellant is penetrated. For experimental purposes the case material and dimensions can be varied
and liners can be employed.

WIRE ROPE - ; . DROP WEIGHT

CHARGE CONTAINER —
~

- ) DRQOP HE} H
POLYTHENE.._ - _§ oropeia

ANNULUS

Fig. 61. RARDE Spigot Drop Test Assembly.
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5.3. BURN RATES OF ENERGETIC MATERIALS

The rate at which a solid is converted to gas, commonly called the bumning rate, has been
tneasured using various devices, These devices and the data that they produce have been reviewed
(Boggs and , 1976). As discussed by Boggs and others, (1976), there are basically two types
of combustion bombs: low loading density (less than 0.01 gram of sample per cubic centimeter of
bomb volume) combustion bombs (LLDCB), such as sirand burners or window bombs, and high-
loading density (greater than 0.01 gram per cubic centimeter) combustion bombs (HLDCB), such as
the closed bomb. The LLDCB are essentially constant-pressure, constant-volume devices which give
the burn rate at a given pressure. To get a burn rate versus pressure curve, multiple runs have to be
made.

The HLDCB is essentially a constant-volume device, As the sample burns, the pressure within
the closed vesse! increases. By measuring the pressure-time record of the process and applying
suitable thermochemistry, the mass bumning rate-time (or burning rate-pressure) can be calculated. By
assuming a form function (a bum area-suriace regression relationship), the surface regression rate
(burn rate)-rrcssure relationship can be calculated. Thus in one run, a bumn rate-pressure curve can be
calculated.

The bumn rawe s a function of pressure and initial sample temperature is also often determined.
These data are useful in determining the kinetics and energetics of the deflagration reactions as
discussed by Price and Boggs (1985).

Ihe Effect of Srain on the Buming R ¢ High E Solid Progel

High energy propeliants usually have a high solids loading (the portion of solid ingredients such
as ammonium perchlorate (AP), cyclotetramethylenctetranitramine (HMX), aluminum and other
ingredients such as solid catalysts) as compared to the polymeric binder, An obvious condition
accompanying high solids loading is that there is less polymeric binder “glue” to hold the solid
particles together to form propellants having acceptable mechanical properties. Given taese highly
loaded propellants, one would like to know such things as how far can a propellant be strained before
ballistic anomalies (such as burn rate augmentation) become significant.

The burning rate of a high energy propellant as a function of strain is presented in Fig.62a. The
data show that no significant augmentation of burning rate occurs for pressure below 500 psi
regardless of strain (the samples fail at approximately 25% strain). Al higher pressures
(p 2 750 psi) burn rate augmentation appears for strains above approximately 8%. At 1500 psi and
strains sbove approximately 12%, the sample burns in a vigorous and nonplanar fashion precluding
meaningful measurement of a Lincar surface regression.

Data for several types of propeliants show bum rate increase at pressures and suains greater than
some threshold values. (The magnitude of the threshold values depends on the propellant.) It should
be emphasized that both threshold valuss huve to be exceeded, exceeding just one is not sufficient.
For example high strain but low pressure will not cause augmentation nor will high pressure but low
strain,

The mechanical response of the propellants to strain was studied using a binocular microscope.
These studies showed, using the propellant of Fig, 62a as an example, that ut 4% strain, debonds
(separation, on a micro-scale, of the solid particle from the polymeric binder) between ingredients
occurs. Between 9-11% strain, these debonds are often fully developed cracks, with the walls of the
crack in c'cse proximity. At approximately 16% these cracks are open voids; that is, the walls of the
crack are no longer in contact with one another. At approximalely 24% the sample is often riddied
with large cracks and the sample fails.

The above, coupled with our knowledge of flame stand-off distance decrease with pressure
increase, provides a mechanistic understanding for the bum rate augmentation due to strain and
pressure. The mechanista is shown in Fig. 62b. At low strain values the propellant is not
significantly damaged and so segandless of the flame stand-off (Fig. 62b (top}) augmentation will not
pccur. When the propedlant is highly strained and fissured, augmentation occurs if the flames can
penctrate into these fissutes. At low pressures the flame stands 100 far from the surface to allow
penetration, but at high pressures the flame is close cnough io the surface to penetrate the fissures and
cause bum rate augmentation,
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Fig. 62b. A Mechanisim for the Augmentation of Buming Rate Due to
Pressure and Strain.

Since flame penetration into the defects seems to be required for burn rate enhancement & study
was done using propellanis that had been strained almost to failure and then the tension removed. The
voids closed and when these samples with the closed voids were bumed, the burn rate was identical o
the undamaged propellant burned at that pressure.

These data indicate that strain can cause damage, and if that damage is sufficient and open, and if
the pressure is high enough o allow flame penetation into the defecis, then bumn rate enhancement
can OCeur.

5.4 DETONATION

Chapter 4 presents solid propellant rocket motor hazard response to various threats in general
stimulus-output erms. Slow cook-ofT, fast cook-off, fragment and bullet impact, sympathetic
detonation, and response 10 electromagnetc radiation are the hazard areas and no-reaction, burning,
burning with propulsion, deflagration, explosion, and detonation are output responses. Detonation is
the most severe of these output responscs.




There are several major paths to detonation. The detonaiion may be the result of a shock stimulus
- {shock-to-detonation wansition, SDT), or the result of transition from buming (deflagration-to-
detonation transition, DDT), or a combination, or delayed detonation (often called XDT). Within each
of these arcas, SDT, DDT, XDT, there are several aliernate routes that can result in a detonation.

The purpose of this chapter is 10 transform the general hazard threats discussed in the previous
chapter to the various technical concerns. This section will primarily be devoted 1o the SDT, DDT,
and XDT technologies that provide the basic information necessary 1o assess the sympathetic
detonation, bullet and fragment impact areas. Specifically to be discussed are:

+  Mechanistic understanding of the phenomena - includes
consideration of sample, stimuli, and environment.

«  What information is required to characterize the hazard situation
and predict the response?

= What tests are required to provide this information?
+  What analytical modeling is used to provide this information?
Detonation

Ideally, the detonation is a discontinuity or shock wave moving through the unreacted energetic
material at supersonic speed and driven by the exothermic chemical reactions of energetic mutenal
reacting to final products. In this ideal picture, this discontinuity moves into the energetic material of
initial density and wmperature. On the other side of this discontinuity are reaction products at high
pressure, high temperature, high density.

The above description assumes infinitely fast chemical reactions which of course is physically not
possible. There is a finite reaction time associated with the conversion of energetic materials to final
products, thus there has 1o be a reaction zone separating the unreacted energetic material and its final

[ reaction products. This is shown in Fig. 63.
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P = pressure
X u = gas velocity
D = detonation front velocity
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Fig. 63. Schematic of Detonation Reaction,

Typical values for parameters are given in Table 17.

Table 17.
Po 2 p2 u D x
g/cc g/cc Kbars mimAusec mmfusec mm
RDX 1177 | 238 338 2.21 8.64 08
INT 1.64 | 2.15 189 1.66 6.94 0.3
HMX 1.89 390 9.1
AP 1.95 187 (cal)

The pressures and tinies necessary 1o initiate detonation typically are in tens of kilobars applied for
a few microseconds. This is even for the case of DDT where even though the process may take
hundreds of microseconds, most of the process is the build-up of reactions to produce these .
pressures. Once the high pressures are obtained, it only takes a few microseconds for the detonation

ALt T L. R AR A 5 18 TR S R A 8 S A A A B AL R R S5 S T2 GBS SR,




10 occur. The response of the energetic material is depenent on the time and shape of the pressure
pulse. In response to square pulse shock, the detonation pressure-time often obeys a relationship of

pM = constant. The value of n = 2 is often used (Walker and Wasley, 1969).

5.4.1. Shock 1o Detonation Transition (SDT)

SDT is the development of detonation through a pressure (shock wave) imparted 1o an energetic
material. For a rocket motor, t!u:prumomldhcﬂcmsuhonmmpac:(eg buuet.fngxmm.or
shaped charge jet) to the motor case with transmission of a pressure pulse of mechanical shoc
through the case, liner and insulator, and inw the propeliant. As discussed in the frxgmcm lmpact
protocol, critical diameter, iniation pre.sure, run-distance, and tme are critical considerations, Thesc
are discussed below.

54.1.1. Criticat Digmeter/Critical Dirpension, de;

There are basically three ways to measure critical diameter. The first is to have many different-
sized cylinders of various diameters and sufficient length, and test until a clear demarcation is found.
Cylinders of diameter larger than the critical size will detonate, while samples with smaller diameter
will not. This can be a rather lengthy process. Other methods consist of either a conical or stepped
charge initiated at the large end (Fig. 64). The detonation is followed unti’ it fails. Both of the lanter
two methods may suffer from the overboosting of the detonation wave. The consequences of this can
be minimized. For the cone situation, a cone of large taper angle is usually used to get an approximate
value; then a cone of diameter near this value and with a very narrow cone angle is tested in order 1o
minimize the overdrive. Another approach is to vary the cone angle and extrapolate 10 zero angle.

In the stepped cylinder case, care must be taken 10 have the length-to-diameter ratio (/d) of each
cylinder sufficient to achieve a steady-stzte detonation. In some cases this may require 1/d of 8 to 12.
This seems to be the case for ammonium perchlorate propellants and it brings up an interesting point.
If it takes 10 diameters for the detonation to "die” (50 inches for a 5 inch diameter) and our motor
length is less than this length needed for "die-out”, do we care - the entire rmotor may detonate.

Orther investigators measure a critical height or critical dimension. One method is to have a wedge

of propellant placed on a witness plate, as shown in Fig. 65. The witness plate is “read” to see where
the detonation failed. Another method of determining the critical dimension is shown in Fig. 66.

INITIATE
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|
: 2 j ~

Fig. 64. Critical Diameter Fig. 65. Wedge Used for
Test Specimens. Critical Dimension Test,

INITIATE

AT LARGE
END

Fig. 66. Critcal Dnmcnsxon Test.

In this test the wimess plate is "read” 10 determine when the detonation died out. This test is often
run with crush-up coaxial vclocny probes on the side of the sample, so that the dztonation velocity is
measured, as well as the point where the detonation failed.

. u
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Unfortunately, the data produ ed from critical diameter experiments do not always agree or
correlate with data from critical dimension experiments. Additional work needs to be done in this
arca.

Critical diameier data for propellants unfortunately often are not available. The lack of data has
torced some investigators to make an analogy to Project SOPHY data (Elwell and others, 1967) which
presented critical diareter of different propellants incorporating various amounts of RDX.
Unfostunately the comparison may no longer be valid. The critical diameter may significantly be
greater or less than predicted using the SOPHY data. This seems to be most prevalent in modern high
solids loading and/or highly catalvzed and/or nitramine containing propellants (Brunet and Salvetat,
1988).

The concept of a critical, or failure, diameter is more complex when applied to propellants than to
high explosives. In a given configuration such as shown in Figs. 64 through 66, the detonation runs
until the critical dimension is reached and then promptly dies out (although there may be some
overdrive). Recent work with medern ammonium perchlorate based propellants having high solids
loadings (and with some explosivzs incorporating significant amounts of ammonium percitlorate), this
prompt cessation of detonation at the critical dimension docs not necessarily occur. Three instances
are described below.

(1) Several investigators have reported that when ammonium perchlorate based materials were
boosted to detonation, the material continued to detonate much further down the tapered samiple than
expected from the critical dimension determined in other experiments. Although the velocity was
decaying, it took lengths equal to several imes the supposed critica! diameter before the wave became
subsonic. This seems o be consistent with the obseiations quoted above on the stepped cylinder
experiments; the detonating propellant forming the donor charge for the material downstrearn.

(2) A high solids loading ammonium perchlorate based metallized propeliant was receatly tested in
the apparatus of Fig, 66. This propeilant tested zero-cards in the NOL card gap test. That is, no
detonation was produced even when the donor was placed right on top of the acceptor. Three
different length samples were tested - one 36 inches long (=91 cm), one 24 inches long (=61 cm),
and one 16 inches long (=41 cm). The samples had coaxial crush velocity probes along all four
sides of the sample. The results of the tests arc shown in Fig. 67. The top of the figure presents a
schematic showing that for comparison purposes, the apex of the cone is considered the zero distance
reference.
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Fig. 67. Typical Wedge Test Results.




Thus the plot shows that

(1) the 36 inch long sample was detonated with the detonation wave, which was traveling at
approximately 8 mm/usec, diminishing to 2.2 mm/usec at approximately the 18 inch (=46 cm)
distance. From the 18 inch 10 4 inch (=10 cm) distance the wave traveled at a constant velocity of
2.2 mm/usec. At approximately the 4 inch (=10 cm) distance the probe crush ceased. This
corresponded to a 1.0 inch (=2.5 cm) critical dimension.

(2) The 24 inch test resulted in a detonation wave of decreasing velocity to the 18 inch (=46 cm)
mark. From the 18 inch to approximately the S inch (=12.7 cm) distance, the wave proceeded at
2.6 mm/usec. At approximately 5 inches it died out, corresponding to a 1.1 inch (~2.8 cm) critical
dimension, The 16 inch long test did not show the Jong region of high velocity wave as seen in tie 24
and 36 inch tests. Insiead this test showed a constant velocity of approximately 1.6 mm/msec from
onset to approximately 6 inch (=15 cm) distance, Lotresponding to a critical dimension of
1.26 inches (=3.2 cm).

The sound speed was also measured for these propellants and was found to be 2.05 mm/usec.

While detonation physicists may argue whether these reactions fraveling at approximaiely
2 mmy/psec were "true” or "robust” detonations, the violence of the reaction should be considered.

(a) It had sufficient impulse o crush the coaxial velocity probe. An explosion or deflagration
does not.

(b) The brass wimess plate showed removal and flow of metal. Again, explosions and
deflagrations do not.

(c) The reactions were traveling at approximately sonic velocity. The point to be made is that
this intermediate reaction, which took place over a long run distance is more closely akin to a
detonation rather than an explosion in tezms of violence of output.

(3) Work on propellant samples has shown that a center perforation can make the sample mors
sensitve (same outside diameter). This is in contrast 10 reports from the SOPHY program that
claimed that in their work center perforations decreased the sensitivity. In these more recent tests,

10 inch (~25 cm) and 8 inch (=20 cm) diameter by 10 inch long samples detonated when initiated
by a plane wave bouster. (The length of the sample was limited by charge weight safety limitations
for the given firing arena.) Six inch (=15 cm) diameter samples detonated but appeared to be failing
at the end of the charge. Five inch («12.7 cm) diameter samples showed a detonation only at the
center 2 inches (=5 cm) at the end of the charge. When a sample having a 1 inch (=2.5 cm)
cylindrical center perforation was tested, the entire sample was consumed in a detonation of more than
usual brisance as related by occupants of laboratory buildings some distance away.

These are preliminary results but are of concern to propulsion personne! since many of our motors
have a center perforation or conduit

A more detailed description of detonation phenomena in charges with an axial hole is found in
Annex I1.

The cffect of center perforation also scems to have more of an effect (increased sensitivity) than
reported in SOPHY.

5.4.1.2. Initiating Pressure, pi

There are many tests available to measure initiating pressure. These include various gap tests
(including aquarium tests), booster tests, wedge tests, projectile impact tests, and a relatively new
test--the flying foil tesi--designed to test very small amounts of propellants und explosives.

. Probably the most widely used tests are the various gap tests. Of these, the NOL
large-scale gap test (Fig. 68) is the most widely used. It consists of an explosive donor, an

anenuating matcrial, and accepior energetic material. The attenuator, usually polymethyl-methacrylate
(PMMA), is adjusted in thickness to change the shock level to the acceptor. The donor is two
pentolite pellets (50% TNT, 50% PETN). The accepror, 1.44-inches (~3.66 cm) in diameter, is
confined in a stecl sleeve. A mild steel witness plate, approximately 3/8-inch (=1 ¢m) thick and
standing 1/16-inch (=1,60 mm) from the acceplor, is used to determine whether or not a detonation (a
clean hole punched through the witness plate) occurred.
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Fig. 68. Standard NOL Gap Test.

In the U.S., the NOL gap test has been used as the principal device to classify energetic materials
as to their hazard. If the acceptor detonates when the gap is 70 cards (0.7-inch (=1.78 cm)) or
greater, then the encrgetic material is given a 1.1 hazard classification; otherwise, the material is
classed 1.3. While this test works well for testing most high explosives (except perhaps for highly
porous materials, weak explosives, or explosives having a critical diameter larger than 3.8 cm), it has
several drawbacks for propellant testing. In order for the test to have meaning, the acceptor sample
critical diameter must be less than the approximately 1 1/2-inch diameter. Obviously most explosives
fulfill this requirement while many propellants have larger critical diameters and hence are not
amenable 1o testing using the NOL gap test.

Part of this reservation may be overcome through use of the 8-inch (=20.3 cm) gap test; however,
the size of the booster and acceptor with their considerable output makes this test too large for some
installations.

Another problem associated with using the raditional NOL gap test with propelfants is the lower
output of many propellants as compared with more robust high explosives. Some compositions do
not have enough output to punch a clean hole through the witness plate even though the reaction was a
detonation . In some instances investigators (¢.g. D. Price) have had to resort to using an energetic
matenal as the witness plate: a detonauon of the sample causes detonation of the energetic material
"witness plate” while a nondetonation of the sample does not,

Aquariym Test. Aquarium tests are a type of gap test for which water is the gap and confining
material. Water has advantages because its properties are very well characterized. In addition, the
phenomena can be photographed showing initiation of donor, shock wave in water, shock wave into
acceptor, and reaction of sample, Work at the Naval Weapons Center, modeled after the work of
Liddiard {1965) with modifications suggested by 5. Jacobs and D. Price, has utilized aquariym testing
to study the shock sensitivity of undamaged and damaged propellant. Data from these tests compared
favorably with wedge test daia obtained by Los Alamos Naticnal Laboratory on the same propellants.

3. Wedge tests offer significant advantages and can provide relationships between
initiating pressure, run length, and delay time. In these tests, schematically shown in Fig. 69, a plane
shock wave enters the test wedge. As the wave traverses the wedge, the position is seen as a moving
line (moving toward the apex) on the aluminized mylar film atiached to the wedge (shown at two times
in schematic, Fig. 69).

With the angle known and the line position measured, the run distance can easily be determined.
Since the measurements are time resoived, the run time is also casily determined. By varying the
plane wive booster or the attenuator in the tests, the input shock pressure to the sample can be varied
so that shock input pressure-run distance-time relationships can be made.

The run distance (Xg) initiating pressure (p;) data are often plotted in what is referred to as "Pop”
plots in terms of log run distance as a function of log input pressure. Data plotted in this fashion form
a straight line with negative slope (Fig. 70).

These data are oficn used in the Forest Fire analysis of shock initiation (Forest, 1981).
While wedge tests provide much data--run distance and run time as & function of initiating

pressure--there are some drawbacks. One is cost. The test uses samples whose dimensions must be
carefully controlled, but more importantly it uses a planc wave boaster for each shot. Froma
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technical standpoint, run length and delay time are not sufficient characteristics, especially for
damaged materials; both run length and delay time vary with porosity, and the critical initiating
pressure increases with porosity decrease (Price and Jacobs, 1981).” Thus, more porous charges are
easier to initiate (lower p) but require slightly longer run distance and run time. This can be confusing

since one matcrial may be more sensitive than another material at low pressure, but less sensitive at
high pressure.
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Fig. 69. Wedge Test Schematic.
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Fig. 70. “Pop” Plot for PBX 9404 at p = 1.84 gm/cm?3.

Minimum Priming Charge Test. In this test a cylinder of energetic material (usually 2-inches
(=5 cm) in diameter and 2-inches (=5 cm) high, or 1 1/2- (=3.8 cm) by 1 1/2-inches) has a
hemispherical cavity milled into one end. This cavity is then filled with Extex explosive (80%
PETN/20% Sylgard) initated by a mild detonating fuze from a primer. The shock strength is varied
by the radius of the hemisphere. A witness plate provides evidence of whether a detonation occurred
or not. The typical test setup is shown in Fig. 71

Several investigators prefer this test because of the spherically diverging shock and because it
correlates well with data from other tests, but the st has limitations. It is not very applicable to
samples that have very large cnitical diameters or 10 samples having much damage.

Hying Plaie Tests. Various flying plate impact wesis exist in which a disc of material is propelled
by a gun or explosive charge against the flat end of a cylindrical charge. By varying the composition,
thickness, and velocity of the impactor, various levels and shapes of shock are possible.
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Fig. 71. Minimum Priming Charge Test.

Flying Foil Test. The flying foil test is a determination of the response of a energetic material to
short-duration shock stirnulus. 1n the test a mylar flyer (foil) is acceleratzd to high velocity by an
electrically vaporized swip of aluminum. The mylar flyer impacts the sample, producing a strong
shock wave in the sample. Samplcs are cither cast in a steel confinement ring (washer) or cut to shape
and inserted into the ring. Each sample is a 3.56-mm diameter by 3.06-mm high cylinder. Reaction
.detonation) in the sample is detected by enlargement of the sample confinement ring. The quantity
measured is the minimum voltage on the capacitor, used ta vaporize the aluminum foil, that just causes
detonation in the sample. Through the calibration of the device, voltage is related 1o flyer velocity.
Velocity of flyer and shock properties of mylar and sample determine the pressure iato the sample.
Thus, the test determines the shock pressure that causes initiation. Unlike gap tests, the shock is
planar, constant amplitude, and short (=5 ns, depending on the flyer thickness). The test has the
advantage of requining a small sample and is relatively inexpensive to perform. (The typical test selup
is depicted in Fig. 72.)

STEEL DiSK
( J WITNESS PLATE
(1116 IN)

STEEL WASHER
SAMPLE HOLDER
(1/8 IN.: 0.144 IN. OD)

HYLON WASHER
COPPER CONDUCTOR L ] BARREL i J(BARREL; {0.032 N,

STRIP {0.005 IN)
. MYLAR FLYER ((0.002 IN}

| S—
MALUMINUM FOIL {0.001 IN.}

INSULATION T T

SHEET —~ L_’
I ' o T SHADED AREAS INDICATE
e _ELECTRICAL CONDUCTORS

LUCITE INSULATOR/BACKING PLATE

Fig. 72. Exploding Foil Assembly.
5.4.1.3. The Role Of Damuge

Damaged encrgetic matcrial behaves diffecently from its undamaged counterpart. Both the critical
diameter and pressure required to initiate detonation are changed, causing increased sensitivity
(smaller critical diameter and lower pressure). Figure 73 shows the increase in shock sensilivity asa
function of void volurne for one type of propellant. Information on the type and extent of damage is
required if one is going to predict the hazard sensitivity of the damaged energetic material
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Fortunately, recent efforts (Lepie and Moran, 1935; Richter, Lepie and Adicoff, 1980; and Richter
and Lepie as cited in Boggs et al 198R) have provided tools that characterize energetic materials in
terms of the stress-strain behavior and the strain-volume dilatation (percent voids). Stress-sirain
behavior can be obtained using conventional techniques such as the Instron tester. While inferences
of the onset of dewetting (the onset of damage caused by separation of the solid particles by the
binder) can sometimes be made, use of a volume dilatometer provides quantitative information of the
degree of damage.

Use of both tensile and shear dilatometers using both mercury and a Freon-type liquid has been
demonstrated and discussed by Richter, Lepie and Adicoff (1980) and others.
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Fig. 73. Aquarium Gap Test Results - Normalized
Pressure Versus Void Yolume.

The work of Richter, Graham and others (as described in Boggs et al. 1988) on shock sensitivity
of damaged propellants was accomplished using the Instron device to produce damage at the swain
rate of SO in/min (=127 cm/min). The damaged samples were wested for shock initiation using an
aquarium test. Supplemental tests using hydrostatic compression, as well as the strain-volume
dilatation characterization, were used to estimate the damage present when the damaged samples were
shocked (usually 15 to 20 minutes after the damage had been produced).

Future work is moving toward higher strain rates (up to 12,000 in/min--=5.08 mys) and
decreased time between damage production and shock stimulus (as short as a few tens of
milliseconds).

5.4.2. Deflagration-to-Detonation Transition (DDT)

This wchaical area considers whether or not a propellant reaction can transition from a buming
reaction 1o a detonation. The considerations are shown in the flow chant (Fig. 74). The key
requirement for this transition to occur is a sufficient surface to volume ratio and porosity of the
energetic sample either through manufacture and loading, in the case of some gun propellants, or
through large scale damage in the case of missile propellants. For missile propellants the first
consideration then is the likelihood of the propeliant being damaged cither before or during the bum,
This is a critical consideration because, with rare exceptions, it is impossible for a consolidated
propeliant at near theoretical maximum deasity (TMD) to undergo a DDT reaction.

The next consideration is whether or not sufficient surface-to-volume and porosity exist. Figure
75 presents the limits of DDT for granulated propeliant samples (Butcher and others, 1979). This plot
shows that you must have sufficient TMD - here about 49% TMD; any less will not sustain and
accelerate the reaction. If the sample is 100 dense, the DDT reaction will not occur. Similarly there is
a trange of surface to volume required (100-700 inches !) if DDT is to occur. If these conditions, or
similar conditions for other samples, are not met then a DDT reaction is extremely improbable.
Although transition (o detonation may not be probable, an explosion may still occur. In order to
determine whether an explosion may occur, the pressure and the rate of pressurization caused by
gasificarion must be determined and compared o the rupture characteristics of the motor case.

If the propellant is damaged and if the resulting %TMD and surface-to-volume ralio are in the
"right” raige then DDT is extremely likely. Whether or not the DDT occurs is dewermined by the
pressure and pressurization rate within the vessel and the rupture characteristics of the vessel (motor
case). If the motor case ruptures "toc soon,” then confinement is lost and the DDT reaction becomes
unlikely. (The rupture may be a violent explosion.) The rupture characteristics of the vessel need i
be determined experimentally and/or analytically but will not be discussed further in this paper.
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Fig 75. Limits of DDT for Granulated Propellant Samples (Butcher
and others, 1979).

The pressure-time history of a DDT reaction is shown in Fig. 76. This figure shows several
regions: the ignition, slow combustion build-up, combustion coupled with weak compaction wave,
combustion coupled with strong compaction wave, shock formation, and detonation. The location of
these events in the p-t planc are strongly influenced by several considerations. These include the
degree of confinement, the strength or "brisance™ of the ignition stimulus, the sample thermochemical
and physical characteristics, the charge dimensions (diameter and column length), and the intrinsic
detonability of the material. The physical characieristics of the sample include the size and shape of
the damaged pieces, the porosity and gas permeability, and the compres,ibility. The thermochemical
considerations include the chemical composition of propellant, pyrolysis products, and final products;
the kinetics and energetics associated with the pyrolysis (solid propellant going to reactive intermediate
species) process, and the kinetics and energetics associated with the conversion of the reactive
iniermediate gases to final products.

Tt must be stressed tha: the above iteins are listed separately but in fact the DDT process is a highly
coupled interaction of these various considerations.
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From the above discussion it can be seen that the following types of data are necessary in order to
predict whether DDT is likely to oceur:

Strength and brisunce of ignition stimulus

Confinement and rupture characteristics of the case

Compaction behavior of the sample - how the %TMD changes with pressure

The compaction/drag/penmeability - the compaction is caused by an imbalance of forces
between the drag of the gases flowing over the particles and the particles ability to resist
compression. As the sample is compacted, the permeabiliy *he ability of gas to flow
through the sample) is changed

+  The kinetics and energetics associated with the pyrolysis and conversion to final products

» The compressive ignition charactetistics of the compacted material

= The detonability of the propellant

In order to obtain these data various tests described below are used.
5.4.2.1. Tesis

Various tests are used to determing the susceptibility of encrgetic materials 1o DDT. The tests
determine the ease with which the energetic material may be damaged (friability) and, once damaged,
how easy it is to transition from burning to detonation.

Shotgun Test

The friability of a propellant is usually determined using the shotgun test. In this test a sample of
propellant (usually 8 grams - approximately 1.75 ¢m diameter by 1.85 cm long) is fired from a
smooth bore gun (usually a 12 gauge shotgun) at a rigid warget (usually a steel impact plaie). The plate
is located inside a catch box so that the daraged propellant can be collected for later firing in a closed
combustion bonb (90 cubic centimeter closed vessels are often used). The apparatus is shown in Fig.
77. The velocity of the sample is recorded. The velocity is varied by varying the amount of shotgun
powder used. The velocities ranging from those causing no samiple break up to velocities where some
of the sample weight is lost because some of the very fine material "flashes off.”

The resulting damaged sample is ther, collected and fired in a closed bomb and the pressure-time
history measured. Tie data are presented in several ways:

{1) Relative Quickness (dp/dt) - For a given run the maximum quickness dp/dt is determined (and
sometimes conipared to that of some standard material of known geometry). A high valus of relative
quickness shows Jarge amounts of damage.

(2} Critica! Iinpact Velacity (CIV} - This method takes quickness measurements one additicnal
step. In this method the maximum dp/dt is plotiad versus its impact velocity (sec Fig. 78, Gouid,
1981). The critical impact velocity (CIV) is that velocity where the straight line fitted through the data
points crosses the dp/dt value of 2.5 x 108 psi/sec (1.74 MPa/s). This 2.5 x 100 psi/sec
(1.74 MPa/s} value was the value of pressurization that caused DDT of cut propellants of known
surface -10-volume ratios fired in closed pipe tesis.

(3) Bum Area - While the above two techniques give some indication of the degree of damaged
propellant, or friability, there art limitations. Neither method actually measures damage, or more
importantly surface area. In addition, while friability can be compared within simiiar propellant
families, it is almost impossible to compare quickness or CIV between widely different propellanis (or

97




at least between propellants having widely different bum rates). Since dp/dt is a function of dmddtand
since m = pAy, it is apparent that dp/dt is not an accurate characterization of bumning surface (Ap) area
between propellants having widely different values of density (p) and/or bum rate (r).
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Fig. 77. Shotgun Test Facility (NWC) (Gould, 1981)
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To overcome these deficiencies a technique, CBREDI (Price, et al., 1979), was developed that
gives the burn area as a function of time and distance burned, as well as charactenstic dimension of
the damaged material. In this method an undamaged sample is burned in the closed bomb. Since the
geomerry is known the initial burn arca can be assumed as well as a form function 1o describe the
surface regression. From these runs the burning rate (surface regression rate as a function of
pressure) can be determined. Having this burn raie-pressuse paramcter, and the propellant density,
pressure-time data for damaged propeilant can be reduced with assumptions of the thermochemistry to
give burn area-pressurc (and hence time) values. The bum area-time and burn arca-distance bumed

98




characteristics allow one to compare damage for propellants having different density and bumn rates.
The shape of the burn area-time curve allows determination of the type of damage (e.g., lots of fines
that bumn off quickly leaving a moderately damaged propetlant to quiescently burn).

“osed Pipe T

Tests to determine the ease of transition from buming to detonation are usually done in a closed
tube configuration, Fig. 79, with different stimuli. Various igniters have been used, ranging from
“soft" (Butcher and others, 1982; Butcher, 1982; Butcher and Isom, 1982; Price and Boggs, 1983) 1o
"hard” (Bemecker and others, 1982; Beraecker and Price, 1975; Price and Bernecker, 1975;
Bernecker, 1978; Bernecker and others, 1976; Bemecker and others, 1985; Bemecker, 1984), to stant
the material in the ignitor end of the tube reacting. Driver sections, 8 buming material isolated from
the rest of the bed by a gas impermeable barrier, have also been used as the stimulus (Campbell,
1980). Sandusky has used a piston driven into the tube to study compaction driven DDT (Sandusky
and Isicmocker. 1985; Sandusky, 1983). Various tube materials have been used and include Lexan
angd Steel.
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Fig. 79, Cross Section of DDT Tube. (A. Ignitor Bolt: B. Ignitor; C. Ignitor/Explosive
Interface; D. Strain Gauges; E. lonization Probe Location; F. Explosive Charge; G. Tube;
H. Boutom Closure, Inner Diameter = 16.3 mm, Outer Diameter = 50.8 mm, Distance
From Ignitot/Explosive Interface 10 Bouom Closure = 295.4 mm.) (Be:nerker 1978)
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Various types of instrumentation have been used in studying DDT in the closed tube
configuration. The earliest tests were <ssentially go/no-go tests: a detonation occurred or did no.
occur as evienced by numbers of fragments and type of fragmentation (¢.g., "blueing” of metal).
Swain gauges and/or event pins (ionization and/or closure pins) were added as shown in Fig.79 and
wave speeds and event times could be determined. For example, Fig. 80 sho'wvs a compressive {ront
traveling it 1.25 mmy/psec, forward and rearward running compression waves at approximately
2 mm/usec (G, F-E-D) and onset of detonation at x = 153 mm followed by detonatior wave at 7.29
mirymsec (Bernecker, et al., 1976).

With the use of transparent tubes (Lexan), continuous access streak cameras, COnlinuous access
framing camera, and flash x-ray instrumentation were used. Typical results are shown in Fig. 81,
showing several events and associated velocities. The use of flash x-ray not only allowed identili-
cation of wave behavior but also provided quantitative values of the compaction (lead foils and/or balls
were used as markers and the spacing between markers was used to determine the density).

The use of pressure transducers has been a significant improvement, providing quantitative data as
opposed to just wave speeds, just as flash x-ray provided improvement over simple event gauges.

Both Butcher and others (1982) and Bernecker and others (1985) have used pressure transducers.
extending our knowiedge of DDT phenomena. They have investigated behavior resulting from igniter
strength, bed compaction and pre-pressurization that affect nonequilibrium or ransient combustion
and hence DDT behavior (Buicher and others, 1982; Boggs and others, 1982).

Similar experiments, often called convection combustion experiments, have beea done at various
conditions in an effort to understand the first portion of the DDT phenomena (Atwood and others,
1986).
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complete description it improbeble (and probably intractable) and so various constitutive relationships
are used 1 describe the heat transfer, drag, compaction, gasification, etc. The parameters used in
these relationships come from ancillary experiments such as tion studics (Sandusky and
others, 1982; Elban and others, 1981; Elban, 1982; Kooker and Costantino, 1986) ignition and
transient combusuon studies (Boggs and others. 1982; Boggs and others, 1984; DeLuca and others,
1976; Gerri and others, 1973; Krier and others, 1976), permesability and drag experiments (Atwood
and others, 1986; Kuo and Nydegger, 1978; Jones and Krier, 1983; Ergun, 1932), bum rates (Boggs
and others, 1980; Boggs and others, 1977; Parr and others, 1983), and flame spread and burning
surface area (Frice and others, 1979; Krier and others, 1576).

5.4.22. Mcchgpistic Understanding

Rapid progress in understanding the various processes occurring during DDT has been made in
the last decade; however, much work needs to be done. The understanding of compaction behavior
has increased markedly (Kooker and Costantino, 1986). The importance of using a fully transient
combustion description instead of the previcusly used ignition criteria and steady state burning has
been recognized (Boggs and others, 1982; Boggs and others, 1984; Price and Boggs, 1983; Hopkins,
1974, Keller, Horst and Gough, 1985; and Kim, 1984).

Another view of strong mechanical interactions between gas and condensed phases is also
suggested by Leiber (1984). Discussion of the various models requires more scope than available in
this publication. Interested readers are referred to Price and Boggs (1983), Beckstead and others
(1977), Pilcher and others (1976), Pilcher and others (1977), Pilcher (1978), Krier and Gokhale
(1978), Krier and Kezerle (1977), Baer and Nunziato (1984), Weston and Lee (1985), and Butler and
others (1985) for detailed discussion of the various models.

Deficiencies in |

General: Maost past descriptions of the DDT process have been cast in physical rather than
chemical terins. Reactions were assumed to be either "off” or "fully on" with full and instantaneous
cquilibrium thermochemical energy release. This drove much of the experimental and analytical work.
Indeed, experimental measurements largely consisted of wave speeds as determined by strain gauges

. and ionization or shorting pins down the length of the test bed. It has only been recently that pressure
. transducers have been used. The analyses were primarily the prediction of shock wave speed and
amplitude.

5.4.2.3. Deficiencies in Experimental Work

Damage: The entire DDT process is predicated on materials having a high surface 1o volume ratio.
For solid rocket propellants this requires damage, and rather extensive damage, of the propeliant.
This is the first and key consideration.

While we use tests such as the shotgun to give a ranking of a propellant’s toughness or resistance
t damage, we do not obtain much fundamental understanding from these tests. We must understand
the mechanisms causing damage: how is damage formed (e.g., dewetting of crystalline ingredients
from the rubbery matrix), what type of damage is formed, and to what extent.

DDT Tube Experiments

+  Most of the DDT wbe studies have been done using idealized systems: ball powders, HMX
particles, cut or shredded propellant It is now me to stant tesung real propellant having real
damage.

+  Our tests need to be better instrumented especially to detect and follow the thermochemical
reacticns. It has only been recently that we have started using pressure transducers and flash
x-ray (to detect and follow compaction). The next step is to measure temperatures and
hopefully some day have an indication of what species are present.

»  Measurements need to start at ime zero (with current to the igniter) not just near the detonation
transition event. The processes occurring carly in the event set up the DDT.

! » We need more compaction experiments with emphasis on dynamic compaction of real
. propellants.

+  We need more drag-compaction-permeability experiments with emphasis on higher Reynolds
number flow.

10}




5

+  We need more transient cornbustion studies to determine kinetic and ehergetic parameters.

+  We need to decouple the mechanical phenomena {compaction, fluid flow) from the combustion
aspects and study each separately, and then merge phenomena in siep wise fashion.

5.4.2.4. Deficiencies in Apalyscs
»  We need better constitutive relations and assumptions.

+  We need better thermochemical encrgy release description. Must replace ignition criteria
followed by steady state burning with fully transient description.

«  We must have better success in describing experiments modeling varinus parts of process.
+  Gas flow in wbe

. Gas flow in packed bed
compaction

ility
piston driven compaction tests
"convective combustion” tests
DDT wbe tests

As stated earlier, a complete analytical descripion of DDT based only on first principles is not
currently possible: constitution cquations and parameters are often used. These equations and
parameters are developed based on experimental work.

5.4.3. Delayed Detonation (XDT)

Sotne shock input tests and some impact (and multiple impact) initiation tests exhibit a delayed
detonation; that is the resultant detonation occurs at a time later than the normal transit time of the
shock through the material. These reactions not only occur at times longer than characteristic of SDT,
they also require a lower stimulus (¢.£., as much as 50% lower impact velocity, see Fig. §2), and an
increased number of cards in the card gap test (Fig. 83). These types of reactions have been called
XDT, with the X reflecting an uncentainty with respect to the mechanisms involved.

L2 )

Not only do these XDT reactions require lower values of input stimuli but they are also
characterized by higher output. Figure 82 clearly shows this, and tests in France have shown that the
output overpressure of XDT is always greater than that of SDT (generally 30% or more).
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Fig. 82. Overpressure Versus Impact Velocity for Direct inpact Tests. Lines on XDT
datum points imply higher overpressure than is indicated (Blornumer as cited in
Energetic Materials Hazard Initiation, May 1987).
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Sample size also determines the initiation threshold as seen in Fig. 84, Sample geometry and
relation of sample orientarion and stimulus arc also importunt determinants of whether XDT will
occur. For example, when a cylindrical sample of sufficient size (Fig. 84) ravelling at sufficient
velocity (Fig. 82) i head-on (axis of the cylinder perpendicular tw the target plaie) an XDT
occurs; however, if the cylinder strikes side-on (axis of the cylinder paraliel to the plaie) XDT does
1not oCeur.

Sample mechanical properties are also important as indicated in Fig. and 85.
While initially unknown, the mechanisms responsible for XDT are becoming better understood.

The process is generally thought to include fragmentation of the sample, recompression of the
fragmented material, initiation of combustion, and subseguent build up to detonation.
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Fig. 83. Card Gap Test Results Showing SDT and XDT (from
Keefe, 1981).
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Fig. 84, Dependence of the Velocity Threshold for Observation of XDT on
Sample Diameter for Various Propellants A Through E (Blomumner as cited in
Energetic Materials Hazard Initiation, May 1987).

This XDT phenomena has been observed for some propellants in several relatively small scale
tests including the NOL card gap test (Keefe, 1981and Butcher and Isom, 1982), the shotgun test
(Blommer as cited in Energetic Mater:als Hazard Initiation, May 1987 and Butcher and Isom, 1982),
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projectile impact (Green, et al, 1981), and piston driven compaction of granutated propellant (Green,
ctal, 1981). It has been suspected that XDT type reactions may have been involved in some large
scale mishaps. In these instances large rocket motors burst, expelling propellant from the motor and
causing it to impact on adjacent test cell componenis/walls. Although the impact levels were not
thought to cause SDT, it is thought that XDT occurred, causing widespread destruction,
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Fig. 85. Effect of Impact Fragment Size on Sensitivity to XDT (from Butcher
and Isom, 1982).

5.4.4. Low Velocity Detonation

The preceding sections dealt with the transition from shock, deflagration, or sumple break-up and
recompression to a detonation (SDT, DDT, or XDT). Another possibility (Low Velocity Detonation)
is described in Annex Il

5.5, PENETRATION MECHANICS AND BALLISTIC LIMITS

As was discussed in Chapter 4, if a fragment or bullet does not promptly cause a detonation by the
SDT (or DDT or XDT) mechanism then the possibility of an explosion must still be considered.
Whether the explosion occurs or not is dependent, as discussed in Chapter 4, on such considerations
as ballistic limit {can the fragment/bullet penetrate the motor case), the ignitability of the propellant, the
mass burn rate (includes surface regression rate and burn rate) of the propellant, the vent size(s)
produced in the penetration and whether the reaction products can be vented rapidly enough to prevent
the explosion. Tests in each of these areas are discussed below, but before discussing these
individual considerations the scale mode! rocket motor tests of projectile impact used in the United
Kingdom are discussed.

In the UK work on vulnerability of rocket motors to fragment attack has made extensive use of a
modz! scale rocket motor (MSM) (Fig. 86). A standard target cylindrical tube, external diameter 127
mm, length 254 mm, of any desired material, forms the case for the propellant charge. This may be
an externally inhibited loose charge, or case-bonded with or without an inhibitor as appropriate; 1t may
be a solid charge, or with any web configuration desired; an igniter may be included. The cylinder is
closed by massive steel caps, which overlap the ends of the cylinder and incorporate O-ring seals.
These end-caps are connected by four external tie-rods, regularly spaced around the cylinder. Usually
an appropriate nozzle and venturi are fitted into one end-cap. Attack is by means of a single 17 g steel
cylinder (representative fragment) presented end-on at a point, halfway along the length of the cylinder
and midway between two tie-rods; this cylinder is fired from a smoothed-bore 0.5" Browning barmrel
at one of two velocities, viz 525 £ 25 or 925 £ 25 mys. Even the lower velocity range has been
sufficient to overcome the ballistic limit of the case except in one or two low-lemperature experiments
on propellant in steel cases. Ignition has otherwise occurred in every trial, even if the fragment has
completely traversed the case.. The main assessment of violence of response is from the state of the
tube afler the event, Insgumentarion includes velocity screens to measure the exact impact velocity;
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blast overpressure gauges; internal pressure (Kistler) gauges in some experiments, and cine
photography ar 2000 pps.

The results in terms of tube fragmentation are divided, for the purposes of the research, into six
categorics, but nearly all are burnings or deflagrations, though a few of the most violent are in the
mild explosion category. No detonations have been observed. This test is now standand for
yualification of rocket motor propellants in the UK.

The results of nearly 200 M3SM experiments, involving 5 propeliants (one extruded double-base
(EDB), onc cast doubice-base (CDB), one composite modified cast double-base (CMCDB), one
elastomer-modified cast double-base (EMCDB), and onc hydroxy-tenninated polybutadiene (HTFB),
all U.X. Hazard Division Class 1.3 compositions) [NOTE: 1.3 hazard classification by United
Kingdom RARDE Scaled Vessel Test, see page £9. France and the United States use card gap tests to
determine hazard classification of propellants. The Netherlands use the TNQ tube test], 6 tube
materials (mild steel, aluminum alloy, fiberglass. steel strip-laminate, carbon. fibre reinforced plastic
(CFRP), Kevlar-overwrapped light alloy) and a range of temperatures may be summarized as follows:

1. Increasing the frangibility of the propellant (without temiperature change) tends to increase violence
of response (EDB>CDB>EMCDB: CMCDB>HTPB).

2. Increasing calorimetric value of propellant ends towards more violent response.

3. Making cases able 10 vent more quickly tends to reduce violence of response, e.g.. Kevlar-
averwrapped light alloy containing HTPB. Sice! sirip-laminate is not however very effective.

4. Aninhibitor/insulator layer (s opposed to simple gluing) may reduce violence of response for
case-bonded charges (observed for CMCDB where case-bonding is probably improved: no change for
HTPB where use of glue is standard).

5. The presence or absence of an igniter is unimportant; even hiting the igniter with the fragment hud
no effect on the result

6. For CMCIDB and HTPR (case-bonded) more violent responses are obtained with star-centered
conduit charges than with solid charges; for EDB (loose, inhibited) there is lintle difference.

7. A fragment which completely traverses the MSM gives a less violent response than a somewhat
slower one which remains inside.

8. Lowerng the temperature produces a sharp increase in nesponse as the temperature passes through
a value related o (but somewhat above) the glass transition temperature for the propellant under test
(as measured at low strain rates).

These results in general underline the importznce of crack-propagation (and branching) in
enhancing the violence of the response (nos. 1LR): the role of support of the charge in reducing either
crack propagation or the effectiveness of cracks in increasing the buming surface (no. 6, EDB charges
being loose and being very beitile perhaps shatter in any case); the more damaging effect of the use of
higher-energy propellants (the higher flame temperatures producing higher gas pressure in the MSM -
no. 2): the importance of effective case-bonding (no. 4): and the value of quick venting in reducing the
response (nos. 3.7).

No standardized 1est procedure is available in the UK 1o test swress/strain characterization under the
high strain rate conditions involved in fragment attack: the "glass temperature” is definitely a function
of strain rate and also probably of extensibility. Work is in progress on crack-propagation and is
expected 10 be exiended 1o crack-branching, which is probably equally important for propellant
fragrmentation.

The MSM work described above has been followed up by a series of wials using single
projectiles, ranging from 3.1 g steel cube, through 7.62 mm bullet, 17 g steel cylinder presented end
on (as in the MSM work) and 0.5” AP bullet (single shot) to 20 mm HE to attack NATO Bulipup
moiors (which contain 49 kg low-performance CDB propeilant) withdrawn from service. The results,
assessed in terms of case damage, showed increased response with increasing projectile kinetic energy
and decreased response with increasing presented area of the projectile (i.e., with projectile entry hole
size). (The latier indicates the importance of venting in the area of impact, while the former
presumably shows the importanee of damage to the charge in this situadon, where none of the
projectiles traversed the mator completely.)
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The exception was the 20 mm HE where there was linke damage to the case other than that in the
immediate neighborhood of the point of impact, whers the damage was sufficient to provide mare than
adequate venting. No detonations were observed. Attack by HE rounds or motors containing more
energetic propellants would certainly raise the possibility of detonating the propeilant. This would
depend critically on whether the dianeter or characteristic dimension of the projectile were greater or
less than the critical diameter of the propeliant (see Fig, 11).

Somc trials with .30 caliber ball, 50 caliber ball, .50 caliber API, 20 mm AP, and 23 mm HEL-T
against US Class 1.3 and Class 1.1 (see previous Note) composite propellants in a 20 cm diameter
motor are reporied in AGARD Couference Proceedings No. 367, p. 2-2, These resulted in ignition
only (the Class 1.1 propellants giving less violent fires) except with the 23 mm HELT, which
detonated the Class 1.1 compositions.

The relevance of the MSM work 1 full scale motor vulnerability is accepted by the UK
goternment for purposes of propellant qualification on the basis of evidence from full scale bullet
attack trials (mostly single-shot 0.5 inch AP There is fimited UK evidence that with fairly farge
motors (3 m lang. propellant as 186 kg) single bullet atiack gives more violent response at the head
end thar at the nozzle end or half-way along the motor. This is not unexpected in terms of
confinement of the propellant. There has also been a liitle work in the UK on the effect of multiple
attacks (burst of three (.57 AP bullets), the results suggesting that much greater violence can be
developed than with a single shot. Trials have also been carried out against the NATO Bullpup motor
in it< carrying box, and the effect of venting the box in mitigating the response has been demonstratad.

Investigators in the US are measuring the ballistic tiaits of various case materials tsteel,
aluminum, and composite) and various thicknesses backed by simulated propeliant subjected 10
various fragment masses, velocities, angles of obliquity. and fragment shape.

Ballisye Limir of Cuse. A key consideration in Fig. 13 was whether a fragment of a given mass
and orientation has sufficient velocity to penetrate the motor case. Sewell and Graham have presenied
a simple penetration equation of the form

Kmv;
T sech =- .
where

Te = thickness of case which wili be perforated in the impact
6 = oblguity angle angle of incidence)
K = amatenuls property constant of the casc {see Table 18)
mo=  fragment mass
vi = impact velocity
A = elfective frontal area of fragment

For the varous svatems of uniiy, the constants 1n Table 18 can be apphed to the above cgquasion

Tubie 18, Ballistic Limit Coefticient for Two Sieel Case Mureriais,
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Several parameters wers idvntitied in the ESD bazwd protovol, s being necessa 1y o buing ghie e
predict ESIY sensativiny (Covino and Hudson, Y99 and Covino and Dreiteler, 19 These mclude
volumie resistiviiy, dicleqiric breakdow o, and dickectric constants. This section de cribes hos the
duantries are measured, s well as discussing @ wesistor-capacitor \RC discharge apparatas and e
pereolation theory.
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5.6.1. Resistivity Measurements as Applied 0 ESD

Prench experiments suggested that propeliant volume resistivity (py) 2s a function of temperature
behavior may be important in the ESD sensitivity of a propellant. For all the compositions tested by
the French, it was fourxl that the propeliant volume resistivity measurements from -40 to +80°C (-40
to +176°F) could show one of three different laws of resistivity versus temperature.

When plotting the In (py) versus 1/T for propellant samples, the French found all of the three
behaviors shown in Fig. 87. Based on semiconductor theory, the existence of two straight
intersecting lines points to a change in the type of conduction. It was observed that the compositions
which react to capacitive discharges follow a type I behavior (i.e., the ratio of slopes, M /M3, is
greater than i) whereas the propellant compositions which do not react have a type IT or I hehavior
(i.e., My/M3 is less than or equal to 1).

<B0°C

VELUME SENSITIVE
RESISVITY
n “YV\ S LOPE

17T K
RECIPROCAL TEMPERATURE

Fig. 87. Plot of the In{py) Versus I/T °K Showing the Three
Types of Behavior.

In the U.S. insrumentation 1o measure both volume resistance and surface resistance of propel-
lants and propeilant ingredients as a function of temperature and relative humidity has been built.
‘Temperatures ranging trom -30°C 5 100°C (-22°F to 212°F) can be achieved with a Tinney Tand H
Jr. chamber. Surface and votuiiv: mesisiance on propellant samples as small as 3.43 e can be mea-
sured on either copper or stainless seei -lectrodes. A Keithley Model 617 digital electrometer capable
of reading 10-15A is used to make the cusent measurements. Applied voltages ranging from 45 to
2000 V can be used. The determination of surface and volume resistivitics consists of measuring
surface and volume resistances followed by calculations of the corresponding resistivities with the use
of known sample and elecrode dimensions, The volume resistivity is defined as the ratio of potentiu!
eradient parallel to the current in the material 1o the current density in units of ohim m (Keithley
Instruments, 1984: und ASTM, 1983). The surfuce resistivity (ps) is defined as the ratio of potential
gradient paralle] to the current along a surface to the current per unit width of the surface in units of
ohm m (Keithley Insuments, 1984 and ASTM, 1983).

Figure 88 shows electrode configuration to incasure surface resistance. The ieasurement is
performed by applying a set voltage on the surface of the sample and obuaining a current reading. The
following equation is used 1o calculate the surface resistivity (py):

ps = Kg*(VA) (D)

V = Voltage (volts)

I = Current reading (amperes)

K = A geometrical factor arising from electrode geomerry (unitless)

The geometric fuctor is an effective perimneier of the guarded electrode divided by the gap between the
guarded electrode and the guurd.
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Fig. 88. Surface Resistivity Electrical Diagram (sample is disk shaped).
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Figure 89 shows electrode configuration to metsare volume resistance. The measurement is
petformed by applying a set voltage through the sample and obtaining a current reading after a set time
interval of one minute. The following equation is used to calculate volume resistivity (py):

pv = KMV, (2-cm)

V = Vohage (voits)

1 = Current reading (amperes)

Ky = A peometric factor anising from electrode geometry (cm)

1e geometric factor is an effective area of measuring electrodes divided by the sample thickness.
In order 10 calculate the geometric factors. K and Ky, specific electrode dimensions and sample

thickness are needed. Figure 90 illustrates the electrode geomeury used at NWC. To calculate the
surfyce geometnic factor, K. the following equation is used:

ke = Plg = (nDy)/g

where:
P = theeffective perimeter of the guarded electrode for the parteular ammangement used tmj
g = gap(m)
Py = SeeFig. 90

To calculate the volume geometric factor, Ky, the following equation is used:

Kv = af
A = [mDypepPia
I = Diameter of inner ring on Fig. 90
where:
l A = the effective urea of the measuning electrode for the particular amangemeat used (m)
t = the average thickness of the sample

i

wARD RIKG

Fig. 8¢, Volume Resistivity Electrical Diagram.

ELECTRODE

Fig. 90. Shows the Elecwode Coanfigurations and Parameters Needed for the
Geomenic Calculations for Surface and Volume Resistivity.
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Figure 21 shows surface resistivity data versus time for an HTPB binder propellant containing
ammonium perchiorate and aluminum. The surface resistivaty increases exponentially as a function of
i ume.
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Fig. 91. Surface Resistivity Vs. Time at A9.1°F(20.61°C),
23.3% RH and 100 V.

Figure 92 shows volume resistivity data for the same propellant. The overall behavior for the
volume resistivity data is also an exponential rise as a function of time.
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Fig. 92, Volume Resistivity Vs. Time at 69.5°F (20.83°C), 22.7% Riland MOV,

Figures 93 through 96 illustrate In{py) versus I/T for the same propellant. This duta s presented
at 100V (after 1 minute) and 500V (after 1 minuie) and at sample thicknesses of (0257 (0,634 ¢mj and
0.50" (1.27 cm).

It should be noted that the data reported in these graphs were wken after 1 minute. From Fig. 2
we can see that within a few seconds tese matenals reach a maximum volume resistance aind at |
minute the propellant is otally charged. However, the time at which maximum volume resistiviny
reached is material dependent and can change from one propellant 10 another,
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Fig. 93. Volume Resistivity Vs. Temperature For Data Taken
e After 1 Minute, at 100 V and Low Relative Humidity.
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